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SUMMARY
This thesis containsa review of literature relevant to the use of 
chalk as common embankment fill, and the results of a considerable 
amount of testing to find the variability of the density and plasticity 
of the Chalk, its strength properties and compressibility. Various 
available empirical suitability tests are reviewed, and the final•j
section concludes with six case records which illustrate practical 
experience and demonstrate the relevance of the research.
In assessing the variability of the Chalk over 600 determinations of 
intact dry density and 200 plasticity tests have been carried out on 
samples collected from almost all parts of the outcrop in England.
These tests indicate the extreme variability of the material, which 
during excavation may behave in extremes as a rock or a slurry.
Strength tests have been carried out on remoulded Chalk using the 
triaxial and C.B.R equipment. It is shown that the undrained triaxial 
shear strength is strongly dependent on the remoulded liquid limit of 
crushed chalk and that the liquid limit approximately corresponds to 
the saturation moisture content and to the point at which the triaxial 
strength becomes negligible. Effective strength tests show that 
while the effective angle of friction varies only slightly for most 
remoulded chalks, it may increase with time as a result of reerystalliaatio 
of aragonite within a fill.
Compression tests on blocky chalk and on chalk fines above and below 
their liquid limit are reported, and indicate that few field problems 
are likely to arise from this type of compression. The collapse 
of chalk fill upon wetting has been modelled in the laboratory and 
is shown to provide a much greater threat to the satisfactory performance 
of embankments.
The investigations into suitability have indicated that no completely 
satisfactory test exists to predict the performance of chalk in earth­
works. The use of a simple hand dynamic penetrometer is proposed, and 
its results are correlated to those of the vibratory crushing test.
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INTRODUCTION
• >
Chalk\ a soft white pure amorphous limestone predominantly,
2
but not exclusively, found in the Upper Cretaceous , is a 
widespread deposit. It is commonly found in Europe (for 
example, England, Ireland, France, Germany, Denmark), in the 
Middle East (for example Isreal), in large parts of Asia, and 
in some places in the United States (e.g Kansas, Texas and 
Alabama) and Africa. Non-cretaceous chalks are found in 
Australia and beneath the Channel.
It is therefore surprising that until recent years little 
attempt has been made to determine its engineering behaviour. 
Since 1963, however, Chalk has become more widely researched 
in Britain, particularly as a foundation material, although 
valuable contributions as to the behaviour of chalk in earth­
works have been made by French workers.
The results of research presented in this thesis are there­
fore aimed at redressing the present imbalance of published 
information by providing geotechnical information on remoulded 
chalk from the Upper Cretaceous.
From the Old English "Cealc", Latin "calx” lime. This original 
sense changed at an early date (probably around 950) into the 
sense of the Latin "creta".
2
From the Latin "creta" - a slightly coherent rock, like chalk 
or clay.
SURVEY OF PAST LITERATURE
2.1 Geology
2.1.1 General
From the earliest days (for example Townsend (1813)), British 
geologists attemped to divide the Upper Cretaceous according to 
Its.-lithological differences and marker beds. Thus the Chalk 
was divided into Upper, Middle and Lower - on the basis of the 
presence or absence of flint and colouring, and the position 
of two hard layers known as the Melbourn Rock (Jukes-Browne(1880)) 
and the Chalk Rock (Whitaker (1859)). Such a division appears 
unfortunate, since these marker beds are not by any means well 
developed over the whole of the deposit.
In 1876 Barrois showed that the fossil zones that he and others 
had established in France could be followed through England.
Based on the main divisions proposed by D'Orbigny (1852) 
his classification may be summarised as follows:-
Divisions Zones
Zone of Belemnites plenus 
Cenomanian Zone of Holaster subglobosus
Senonian
(after the white chalk 
from Sens)
Zone of Belemnites 
Zone of Marsupites 
Zone of Micraster
Turonian
(after the micaceous 
chalk from Tours)
Zone of Holaster planus 
Zone of Terebratulina gracilis 
Zone of Inoceramus labiatus
(after the chloritis 
chalk from Mans)
Chloritic marl
Zone of Pecten asper )now
Zone of Ammonites inflatus)
 Albian
(after Jukes-Browne (1903))
The uppermost chalk beds in Britain, which are seen only in 
Norfolk and fall above this classification, were zoned by the 
fossil Ostrea Lunata and are termed Maestrichtian.
The advantage of such a system of biozonation to the geologist 
is that it is based on natural divisions, which can be reasonably 
independant of facies. It is however rather more problematical 
for the engineer, since contemporaneous deposits may have very 
different lithologies, and hence different physical and engineering 
properties.
As shown above, the primary work of zonation was carried out on 
macrofossils, which in general terms belong to the following 
groups:
- Ammonites, which were common in the Cenomanian, but 
, less frequent thereafter
- Lamellibranchs, and
- Echinoids, which were always numerous
- Belemnites, which are principally used in the subdivision
of the Upper Senonian (Campanian)
Although macrofossils have historically played a major role in 
the establishment of chalk stratigraph they are of little general 
use to the geotechnical engineer, and have generally been neglected 
because of -
a) their rarity when considered in the light of the
standard sampling procedures used in site investigations
b) their often imperfect preservation
c) the lack of specialist knowledge of classical 
palaeontology by engineers.
To date chalk, more and more use is being made of microfossils, 
and principally of Foraminifera which appear to have been numerous 
throughout the Upper Cretaceous and are convenient because of their
small size means that:
(i) large numbers may be found in relatively small 
samples of chalk
(ii) evolution occurs more rapidly than in macrofossils 
and dating can therefore be more precise.
Most recently, the electron microscope has allowed further 
work to be carried- out on the nannofossils, but this is as yet 
barely started.
Classic accounts of the English Chalk are given by Barrois (1876),
Rowe (1899, 1900, 1901, 1903, 1904, 1908), Jukes-Browne with Hill (1903
1904), Young (1905,1908), Brydone (1912,1942), Gaster (1924,1929, 
1932,1937,1939,1941,1944), Jefferies (1962,1963), Kennedy (1969,
1970), Kennedy and Garrison (1975), and Hancock (1975). Of 
these, by far the best accounts of lithology are given by Jukes- 
Browne with Hill (1903,1904) and to a more limited extend by 
Kennedy and Garrison (1975) and Hancock (1975).
2.1.2. Lithology
It is now generally accepted that chalk is a consolidated marine 
ooze, principally composed of the remains of carbonate secreting 
planktonic algae, mainly coccosphoridae and nannoconus (Black 
(1953), Black and Barnes (1959), Noel (1967,1970), Aubry (1970),
Bignot and Aubry (1973)).
These algae provided the biochemical means by which the calcium 
carbonate was precipitated from the dissolved calcium bicarbonate 
in the marine waters, and it is because of their relative abundance 
during Upper Cretaceous times, together with a greatly reduced
terrigenous pollution, that the Chalk exhibits such a remarkable
constant and pure lithology.
Secondary constituents include clay, which only occurs in significant 
quantities in the lower Cenomanian deposits, and the remains of
larger fossils, such as the microfossil protozoan Foraminiferan, 
and the macrofossils. Coccoliths and nannoconus excepted, 
however, the biological-element of the lithology is always 
small, and generally represents less than 5 to 10 per cent of the 
mass. In contrast the clay content, generally in the form of 
illite and montmorilIonite (Young in Grey (1965)), rises to 
about 50 per cent at the base of the Chalk marl in south-east 
England (Destombes and Shepherd - ThOrn (1971)) and the portion 
of chalk recognisably derived from calcareous algae is thought 
to average "something over 60% in soft white chalks" Black (1953))
A detailed account of the Chalk lithology of each part of 
England can be found in the memoir of Jukes-Broxme (1903,1904).
The brief descriptions in the following pages cannot possibly 
cover all the variations that may be encountered.
2.1.2.1 Cenomanian
The base of the Cenomanian rests conformably on the Gault- 
Upper Greensand of the Upper Albian. The Gault of Eastern 
Kent is entirely argillaceous and has lead to the formation of 
the Folkestone Warren landslip at the classic exposure. To 
the east siltstones and sandstones become more important, and 
to the west they occupy the whole of the Upper Gault, and are 
known as the Upper Greensand. Sedimentation in northern 
Ireland did not occur until the start of the Cretaceous, where 
the"greensand" is of Cenomanian age.
The Upper Albian deposits may grade gradually into the glauconitic 
and phosphatic "Chloritic Marl” of the lower Cenomanian, as in 
the case of the Upper Greensand to the west of Eastbourne, or pass 
sharply from the Gault by a plane of divison which appears to have 
been current eroded. The Chloritic Marl is generally between 
1 and 5m in thickness, and is visibly bioturbated, with intense 
burrowing. The evidence of burrowing animals, and phosphate 
nodules indicate a slow deposition, while the presence of 
glauconite indicates a relatively slow deposition in a marine 
environment, with a temperature probably not greater than 15°c.
The Choloriticv Marl is dark grey in the fresh state, but weathers 
to the more commonly seen rusty yellow or dirty grey, which is 
produced by the oxidation of its pyrite content. The name 
chloritic marl is particularly inappropriate since the beds 
contain neither chlorite nor marl. The misnomer appears 
to have arisen as a result of a confusion between chlorite 
and glauconite, coupled with a translation of the French "eraie 
chloritee".
The Chloritic Marl grades gradually upwards into the Chalk Marl, 
a layer of between 22m and 27m in thickness, which consists of 
dark, sometimes cyclically deposited chalk, (Fig. 2.1.2/1.) As a 
result of the rhythmic sedimentation in the south-east the clay 
content probably varies from up to 607* at the base of each layer 
to only 20% at the top, near the base of the Marl. Each top 
surface appears to have been associated with a slowing of 
deposition, as the Marl is indurated and burrows are evident, which 
are sometimes associated with pyrite concretions. Each layer is 
between 0.3 and 0.7m thick, and the contrast in clay content, and 
hence colouring differences, becomes less intense as the top of 
the Chalk Marl is approached.
The Chalk Marl grades gradually into the Grey Chalk, with 
decreasing amplitude and clay content, the amplitude reducing to 
0.15 to 0.30m cycles. The intensity of burrowing is probably 
unrelenting, but because the colour differences become less intense 
it is less apparent. The junction between the Chalk Marl and the 
Grey Chalk in the Dover area approximately coincides with a break 
in the trend of increasing calcimetry, at about 80% CaCO^ content 
(Destombes and Shepherd-Thorn (1971)), Figure 2.1.2/2.
The upper limit of the Grey Chalk is marked by the hard sandy layer 
of Totternhoe stone, which is particularly well developed in 
Cambridgeshire and the North Chilterns, but is absent in Yorkshire 
and Lincolnshire. This hard lumpy chalk, about 2m thick marks a 
further period of very slow deposition, and the base of the Holaster 
subglobosus zone of the Lower Chalk.
Turonian
Melbourn Rock. Hard nodular chalky limestone
Plenus marl. Thin but persistent bands 
of yellow/green or dark grey marl.
2 - 3m
Cenomanian (a) White chalk. Very pale yellowish grey 
uniform marly chalk.
(Zone of Holaster subglobosus)
18 - 20m
(b) Totternhoe stone. Hard lumpy chalk 
with much bioclastic material at the 
top. (Not present in Yorkshire or 
Lincolnshire)
0 - 2m
(c) Grey chalk. Rhythmic alternations of 
pale to medium grey more or less marly 
chalk. Rhythms generally 0.3 to 0.5m thick. 
(Zone of Schloenbachia varians)
20 - 24m
(d) Chalk marl. Dark grey sometimes cyclically 22 
deposited chalky marl, with thin burrowed 
harder beds at the top of each o.7 to 1.Ora 
thick rhythm.
(Zone of Schloenbachia varians)
27m
(e) Chloritic marl. Dark grey (weathering to 
rusty yellow or dirty grey)sandy marl with 
frequent glauconite and phosphatic nodules, 
and intense bioturbation.
1 - 5m
Albian Gault clay, Upper Greensand,Cambridge Greensand or 
Hunstanton Red "Chalk".
TABLE 1 Generalised Cenomanian Lithology in South-East England
Above the Totternhoe Stone lies about 18 to 20m of White Chalk, 
in which tbe cyclic rhythms become almost indistinguishable and 
the colour changes to a pale yellowish grey.
The total thickness of the Cenomanian varies considerably, from 
over SOm in the south coast to less than 20m in Norfolk. As 
has been seen there is much evidence of discontinuous sedimentation, 
and in some areas the chalk exhibits a cyclic structure, coupled 
with continuous increase in calcium carbonate content and decrease 
of clay content with time. The Lower Chalk contains no flints, 
although it contains up to 10% of soluble silica according to 
Richardson (1919).
2.1.2.2. Turonian 
The deposits of the Middle Chalk are divided from the remainder 
of the Upper Cretaceous by the existence of two breaks of 
deposition marked over.a considerable extent of the deposit by 
the occurrence of the hard rocky beds which are termed the Melbourn 
Rock and the Chalk rock. The Me Ibourn Rock marks the base of 
the Middle Chalk, although it appears that the division between 
the Holaster subglobosus zone of the Cenomanian and the Rhynchonella 
cuvieri of the Turonian occurs in midst of the plenus marls beneath 
it. (Jefferies (1963)).
The lowest beds of the Turonian are therefore marked by the 
Actinocamax plenus subzone of the Turonian Rhynchonella cuvieri, 
a thin (up to about 3m) but persistent band of yellow/green or dark 
grey marl which is named after the belemnites which are relatively 
abundant in it.
The Melbourn Rock (named from the village of Melbourn near 
Royston, in Cambridgeshire) is a "hard nodular chalky limestone, 
which forms three or four massive beds when quarried" (Jukes-Browne 
(1903)). Small lumps and nodules of hard white chalk are 
arranged in layers in a creamy matrix, which contrast with the grey 
plenus marl of the beds below. The thickness of this rocky chalk 
is generally 2-3m, but may be up to 15m.
Above this layer the chalk becomes hard and shelly, while the 
nodules become less and less frequent. The lower part of the 
rock "often has a greenish tint and a marbled appearance from 
the presence of a greenish-grey marl which is arranged in wavy layers 
around the nodules".
The Melbourn Rock passes upwards into a yellowish hard chalk, 
which lies in regular beds frequently divided by marly chalk.
The nodules seen in the Melbourn rock are still present, but 
disappear up the deposit.
According to Jukes-Browne the lower.part of the Turonian was 
originally established by Hebert as the zone of Cidaris hirudo. 
Barrois (1876) later called it by the name of Inoceramus labiatus, 
but in describing the chalk in Cambridgeshire Jukes-Browne (1880) 
used the more abundant Rhynchonella cuvieri (syn. Orbirhynchia 
cuvieri) as the index fossil. Recent workers (for example Hancock 
(1975)) appear to have reverted to the use of Inoceramus labiatus 
as the zonal name.
Above the zone of Rhynchonella cuvieri lies a zone originally 
identified from the fossil Terebratulina gracilis (Barrois (1876)) 
but now known as Terebratulina lata. The chalk of this zone 
consists in its lower parts of dull white chalk, with occasional 
seams of soft grey marl. Bedding is not obvious. Further up 
the zone layers of flint nodules occur as the Upper Chalk is 
approached. -
Flints are generally rare in the south of England, but become more 
frequent to the north, in Cambridge, Suffolk and Norfolk, and to 
the west in Devonshire where they become as frequent as in parts of 
the Senonian. In Yorkshire and Lincolnshire they are also very 
frequent.
The top of the Middle Chalk in England is marked by the Chalk Rock, 
which although an imperfect and incomplete division is used because 
of the problems of differentiation by fossil zoning. This occurs 
because the fauna of the lowest Upper Chalk zone (Holaster planus)
appear to be more closely related to the Middle Chalk than to the 
Upper, and because the zone fossil Holaster planus ranges down 
into the Terebratulina zone.
The total thickness of the Middle Chalk is generally between 
35 and 70m, the Terebratulina zone being usually about twice as 
thick as the Rhynchonella zone (and usually between 15 and 50m).
The Turonian deposits include the lower beds of the Upper Chalk 
up' to the junction.between the zone of Holaster planus and that of 
Micraster cortestudinarium.
The transition from Middle to Upper Chalk was originally determined 
by:
a)
b)
Both these definitions may be problematical, since in Yorkshire 
the flints are present only in the bottom 20m of the deposits, 
and in South-East England the Chalk Rock is not present.
The major basal beds of the Upper Chalk are the fossil zones of 
Holaster planus and Micraster Cortestudinarium^ Together with the
Sant on ian zone of Micraster coranguinum they form what issometimes 
termed the Echinoid chalk.
The zone of Holaster planus is particularly variable through the 
deposit. The Chalk rock, which divides the Upper Chalk from the 
Middle Chalk, is found from the North of Dorset to Cambridgeshire, 
although it is not well developed in some parts of Hampshire 
(Brydone (1912)). In its most solid from it consists of several 
beds of a hard nodular chalk, each being terminated at its upper 
limit by a layer of nodules of slightly yellow and phosphatic 
chalk, indicating slow deposition. It frequently contains abundant 
glauconite, which also supports the idea of relatively slow deposition. 
Flints art not found in the Chalk rock except in Wiltshire and Dorset. 
The deposit is usually between 1 and 5m thick.
the appearance of flints
the basal beds of the Upper Chalk, known as 
the Chalk R.ock.
Senonian Zone of Micraster cortestudinarium. Rough 
greyish white nodular chalk with scattered 
flints in layers at l-2m intervals.
Turonian (a) Zone of Holaster planus. Very variable
lithology. Either (i) Hard nodular flint- 1 - 5m
less chalk, frequently with abundant
glauconite (Chalk Rock)
or (ii) Interbedded layers of hard lumps
of yellowish chalk in softer matrix and 15m
softer greyish beds (S.E.England) or
(iii) Hard white chalk with frequent flint 15 - 30m
layers (Northern England)
(b) Zone of Terebratulina lata. Dull white chalk
with occasional seams of soft grey marl. 20 - 50m
Flints in upper part, except in South-east 
England. Bedding obscure.
(c) Zone of Rhynchonella cuvieri. Hard yellowish
chalk, divided into regular beds by marly chalk 15 - 30m
(d) Melbourn- Rock. Hard chalky limestone with 
nodules and small lumps of hard white chalk 
in a creamy matrix.
3 - 6m
(e) Plenus marl. Thin but persistent layers of ^  . gm 
yellow/green or dark grey marl with belemnites
Cenomanian White chalk. Very pale yellowish grey 
uniform chalk.
TABLE 2 Generalised Turonian Lithology
To the South-East the type facies of the Chalk Rock is not found and 
the zone consists of a series of harder and softer beds. The 
harder beds consist of hard lumps of a yellowish chalk set in a 
softer matrix. The softer beds between are generally greyish. 
Scattered flints are frequently found, but do not often form the 
regular layers typically of higher zones of the Senonian.
A third facies occurs to the north in Norfolk, Lincolnshire 
and Yorkshire. In Norfolk and Lincolnshire, the zone consists 
of hard white chalk with frequent layers of flints,while in 
Yorkshire the zone consists of a great thickness of thickly bedded 
white chalk, again with frequent layers of flint.
2.1.2.3 Senonian
The transition from the'Turonian to the Senonian is marked by 
the change from the Holaster planus zone to that of Micraster 
c or t es t ud inar ium.
The zone of Micraster cortestudinarium contains a very similar 
fossil suite to that of Holaster planus, to such an extent that 
its lower boundary can be particularly difficult to detect. In 
the south of England, this zone consists of rough greyish-white 
nodular chalk with flints that are solid and often have a thick 
white "rind11 at the base, the upper part consisting of "firm" 
white chalk which is never quite homogeneous. Flints in the 
upper part frequently have cavities giving a rough external 
appearance, and generally contain remains of sponges. They are 
generally scattered in the lower part, some layers occurring in 
the upper part. From the Thames valley north, the chalk becomes 
smoother and fossils scarce.
The Coniacian chalk is overlain by the Santonian and Campanian 
zones. This material comprises almost 70% of the total chalk 
outcrop in England, and the Campanian, zones are sometimes , 
collectively known as the Bellemnite chalk.
The Santonian chalk is divided into the fossil subzones Micraster 
coranguinum and Marsupites testudinarius. The chalk is generally
pure white and featureless with flint bands varying from 1 .2m 
to about 10m apart, with scattered subordinate flints and 
secondary laminar flint often infilling jointing.
The beds of the zone Micraster coranguinum usually consists, of 
"firm" clean white brittle clay, with virtually no hard nodular 
bands. Some beds may be full of Inoceramus fragments, many of 
which may only be seen under the micropscope. In general, the 
flints are very numerous, and occur at regular intervals about 
Ira apart, or in tabular or laminar form. In the basal beds these
flints may have a milky white band or zone near the outer margin,
but separated from it by a layer of ordinary !flint. The highest 
beds in Dorset and Wiltshire have thick rinds which often have 
separate layers of grey and pink.
The upper surface of the Echinoid challc provides a durable surface, 
and where exposed gives a flat, planar topography, as at
Salisbury Plain and the Vale of Artois.
The zone of Marsupites testudinarius is "soft" white and brittle 
It may be massive, and transversed by long joints, or distinctly 
bedded and including thin seams of marl. Its flint content is 
always less than that of the Micraster corangiunum zone, and in 
some places (e.g. Margate and Yorkshire) it contains virtually no 
flints.
In Kent, Sussex, Hampshire, Wiltshire, Dorset, the Isle of Wight! 
Suffolk, Norfolk and Yorkshire, the zone of Marsupites may be 
subdivided (Rowe 1900), the lower part being zoned by 
Uintacrinus socialis.
The upper beds of the Senonian are collectively known as the 
Campanian, and are divided into two zones by the fossils 
Actinocamax quadratus (syn. Gonioteuthis quadrata) and Belemnitella 
mucronata.
The chalk of the Actinocamax zone is white "firm" and regularly 
bedded and contains numerous thin marly seams in eastern England.
Maestrichtian Zone of Belemnitella Lanceolata (Formerly 
zone of ostrea lunata) found only in Norfolk 
and Northern Ireland.
Senonian
Turonian
(a) Zone of Belemnitella mucronata. "Soft" pure 
white chalk, with small flints. • Flints are 
not abundant in the lower part, but become more 
frequent up the zone. Found only in Wiltshire, 
Dorset and Norfolk.
(b) Zone of Actinocamax quadratus. "Firm" white 
regularly bedded chalk. Contains numerous 
thin marly seams in E. England. Flints are 
always black inside, frequently laminar and 
continuous, and layers can be frequent (up to 
2-3m apart).
(c) Zone of Marsupites testudinarius. Massive 
"soft" white brittle chalk. Flint content
is always less than in the M.coranguinum zone 
and in N.Kent and Yorkshire it contains 
virtually no flints, and is at its thickest.
(d) Zone of Micraster coranguinum. Pure "firm" 
clean white brittle chalk, without nodular 
bands. Very numerous flint in bands at 
intervals of about lm.
(e) Zone of Micraster cortestudinarium. Rough 
greyish white nodular chalk with flint beds at
j 1-2m intervals. Becoming "firm" white and
almost homogeneous above.
Zone of Holaster planus 
TABUS 3 Generalised Senonian Lithology
c. 75m
75-105m
27-40m
40-75m
15-37m
Flint layers are frequent, but are more widely spaced than those 
of the Micraster coranguinum and genera lly 2-3m apart. The flints 
are frequently laminar and continuous, and sometimes infill oblique 
fissures. They are always black inside, with a moderately thick 
rind (3-6mm). In Yorkshire the zone is flintless. Fossils are 
not always'abundant and in many locations the characteristic 
bellemnite (i.e. Actinocamax quadratus) is absent in the lower 
beds. For this reason the basal beds are usually zoned from the 
fossil Offaster pilula. The total thickness of the Actinocamax 
chalk varies from about75 to 105m.
Above the zone of Actinocamax lies that of Belemnitella mucronata. 
Because of erosion this zone is found only on the Isle of Wight, in 
Hampshire, Wiltshire, Dorset, Suffolk and Norfolk.. In Norfolk 
where it is best exposed it has an approximate thickness of 75m.
The chalk of this zone is "soft” white and pure. Flints are 
small and not abundant in the lower part, but become more frequent 
up the zone.
2.1.2.4. Maestrichtian
The highest zone of the Chalk contains fauna xdiich differ 
significantly from that found in the French chalk, and which are 
allied to species occurring in the German chalk of Rugen and 
Maestricht. The flints differ from those of the beds immediately 
below in that they are often hollow, and may be filled with a 
greyish chalk containing sponge spicules.
The chalk of the Maestrichtian is limited to Norfolk where its 
thickness is about 35m. Its zone fossil is Belemnitella lanceolata 
(formerly Ostrea lunata) which are abundant between the closely 
spaced layers of flint. '
It can be seen from this brief and general account that while the 
stratigraphy of the Upper Cretaceous is based on lithological 
differences for the Cenomanian chalk, the increasing purity of the 
Turonian and Senonian chalks have forced a strong dependance on 
separation by macrofossil zoning.
TABLE 4 FOSSIL ZONES OF THE UPPER CRETACEOUS
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TYPICAL SEDIMENTARY CYCLES FROM THE CENOMANIAN 
NEAR DOVER. A, GREY CHALK; B, CHALK MARL (LOWER 
PART). DENSITY OF SHADING IS VARIED TO REPRESENT 
CHANGES OF CLAY CONTENT, (a fte r Destombes and 
Shephard-Thorn (1971).)
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LITHOLOGY AND CALCIMETRY OF THE CENOMANIAN, 
NEAR DOVER. (after Destombes and Shephard -  Thorn (I97I).)
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CENOMANIAN ZONE FOSSILS
Fig:- 21-2/3
Holaster planus
Terebratulina lata Hyphantoceras
reussianum
Rhynchonella cuvier ■ ,
Inoceramus labiatus
Actinocamax planus
TURONIAN ZONE FOSSILS
Fig:- 21-2/4
Belemnitella mucronata
Actinocamax plenus
Uintacrinus socialis
Marsupites testudinarius
Micraster coranguinum
Micraster cortestudinarium
SENONIAN ZONE FOSSILS Fig:- 21-2/5
Liostrea lunata
MAESTRICHTIAN ZONE FOSSIL
2.1.3 Biostratigraphy
It is perhaps significant that William Smith (1769-1838), the 
father to Stratigraphical Geology, was a civil engineer engaged 
on the construction of the Kennet and Avon canal. His dictum 
that "strata can be identified by their organized fossils" 
proved to be extremely important in a science where observation 
and description, rather than measurement, was and largely remains 
the general approach.
As the lithological differences become more subtle in the Turonian 
and Senonian stages, macrobiozonation becomes the major means 
of sub-division. It seems doubtful that the system of 
biozonation proposed by d'Orbigny and subsequently brought to 
Britain by Barrois would ever have been accepted were it not for 
the apparant uniformity of the Chalk which did not easily allow 
lithological division.
2.1.3.1 Macrofossil zonation
Between 1876, when Barrois established the general French 
zonal system in England, and 1908, when Rowe completed his work 
on the white chalk of the English Coast, the biozonation of the 
English Chalk was produced (see Table 4). Subsequent alterations 
have been slight for the mass of the outcrop, as can be seen in 
Hancock (1975) reproduced here as Table 5.
Such a system of biological subdivision should be expected to be 
more valuable to the stratigrapher, primarily interested in the 
division of sedimentary rocks into units of time^ than to the 
geotechnician, who would prefer a lithological division.
It is therefore important to examine the zone fossils in a 
general way to determine the extent to which they will reflect 
lithofacies.
Not all fossils are suitable for zoning rocks. To be useful a 
zone fossil should have existed for the narrowest time range 
possible. It should also be widely distributed geographically, 
be reasonably common, easily recognised and have a skeleton likely 
to withstand fossilization.
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T A B L E  5 Blostratigraphlcal divisions of the Upper Cretaceous in South-East England from Hancock(1975)
It has been known from the early 19th century that the Chalk was 
deposited in a marine environment, since it is fairly uniform 
in composition, fine in structure, and contains scattered marine 
fos&ils (such as Porifera, Asteroidea, Echinoidea and Pisces) 
which exist in the seas of the present day.
Marine fossil forms may be divided into:-
(a) nektonic (or swimming forms )
) pelagic forms
(b) planktonic (or drifting forms )
(c) benthonic (or bottom living) forms.
It is fairly obvious that pelagic forms will be much more widely
distributed than benthonics; and in particular they will benefit
from the facts that their aqueous environmeht will tend to be much 
less variable than the sea bottom, and that they may be further 
distributed after death by currents transporting their slowly 
sinking forms. This will be especially significant for the
microfuana to be discussed in a later section.
Therefore it might be arguable that geotechnical properties may 
be better distinguished if deposits are zoned by fossils restricted 
to beds of a particular lithology, or facies fossils, rather than 
the forms preferred by stratigraphers.
An examination of the fossils used in zoning the chalk shows that 
in some cases the ideal pelagic forms do not occur with sufficient 
frequency and so in many instances benthonic forms have been used.
For example, the macrofossil zones of south-east England may be 
divided as follows:-
Benthonic Forms Nektonic Forms
Micraster coranguinura Actinocamax quadratus
Micraster cortestudinarium Marsupites testudinarius
+Holaster planus Schloenbachia varians
+Terebratulia lata 
Rhynchonella cuvieri 
Holaster subglobosus
Major lithological differences exist between the chalks of south­
east England and Yorkshire. The fossils marked with a + above 
are not used as zone fossils in Yorkshire. It can be seen that 
the majority of both pelagic and benthonic forms are not used, 
and this may be because of ecological or diagenetic differences.
It is also possible that minor lithological differences may have 
been reflected in fauna1 evolution. Kermack (1954) (and in 
Nicholls (1956)) has suggested that the evolution of M. (iso’micraster) 
Senonensis (Figure 2.1.3/2)during the Coniacian and early Santonian 
may have been linked to ecological change since M. coranguinum and 
cortestudinarium were probably burrowing forms, while Isomicraster 
senonensis was not. Thus it is possible that precompaction 
cementation (Bathurst (197)) might have been more significant 
during the period of deposition of Micraster chalks than in previous . 
periods.
Unfortunately the petrophysical meaning of macro-faunal evolution 
is generally obscure. Perhaps this is not surprising considering 
the impressive purity of the deposit during this time. With 
nannofauna the situation may prove very different, since as we have 
seen these creatures often represent a significant fraction of the 
deposit, but the study of these minute creatures is at present too 
little advanced.
From the engineering point of view one is therefore forced to view 
macrofossil zoning simply as a means of dividing the deposits into 
suitable units which may be used for determining averaged properties. 
Macrofossils are by no means suitable for this purpose, since they 
are scarce when related to the quantity of material generally sampled 
during site investigation, but fossil zoning cannot wholly be 
abandoned because of the abundant evidence of discontinuous deposition 
in the chalk.
2.1.3.2 Microfossil Zonation
The problem of scarcity of material for fossil zoning can be 
readily overcome if a more appropriate fossil size is chosen. 
Foraminifera exist in such quantities in the chalk that a-lOg
sample can be sufficient to place an outcrop to within a few 
metres' of its stratigraphical zone. As an example the work of 
Hart (1970) is shown in Figure 2.1.3/3.
The main disadvantage of foraminifera1 zoning is that the large 
number of species encountered even in relatively small 
stratigraphic units require highly specialised knowledge for 
differentiation. For example, an examination of Hart (1970) 
reveals that several hundred species of foraminifera were en­
countered during his researches on the Albian and Cenomanian of 
Southern England, and Earland (1939) reported the' existance of 
/’about fifteen thousand recorded species" of benthonic foraminifera 
although planktonic species are very limited in number (Earland 
reporting less than 30 species).
For the non-specialist to be able to use foraminifera it is obvious 
that simplified methods of division must be found. Three such 
methods are outlined in Hart and Carter (1975):-
(a) The use of zone fossils, in a similar way to those
used in the macrozoning of the Chalk.
(b) The use of polygons of the ratio of numbers of
specimens of planktonic to specimens of bethonic 
variaties as shown in Figure 2*/-3/4.
(c) The use of cumulative frequency polygons of the
Foraminifera superfamily percentages, particularly 
where the absence' of planktonic forms rule out the 
use of the planktonic-benthonic ratio*.
It is apparant from the work carried out to date that much 
specialized research will need to be carried out before 
forminiferal zoning of the Upper Cretaceous can be widely applied. 
At the present only isolated parts of the deposit have been sampled, 
and it is not yet possible to determine the lateral extent to 
which zonings by Carter, Hart, Bandy, Barr, Williams-Mitchell and 
others may be applied.
In particular the following may give rise to problems:-
(a) It is known that keeled planktonic varieties of forami­
nifera' are normally restricted to oceanic areas between 
20°N and S or a surface-water temperature of greater 
than 17°c. (Bandy (1960, 1964, 1967)). Since during 
the Cretaceous this 17°c isotherm appears to have passed 
through south-east England, based on the evidence of a 
specimen of Actinocamax plenus tested by Lowenstam and 
Epstein (1954), it is likely that a different fauna. I 
composition may exist in Norfolk and Yorkshire.
(b) It is clear from Carter and Hart (1975) that the 
planktonic varieties only achieved a significant 
proportion of the foraminifera1 population in southern 
England during the late Cenomanian and Turonian (Figure 2.1.3/4 
In addition Earland (loc.cit.) has suggested that the
• pelagic foraminifera developed this habit over a
considerable time, only becoming full pelagic during 
the Tertiary. Thus once again it is certain that 
reliance must largely be placed on benthonic fossil forms, 
with their previously discussed stratigraphical 
* disadvantages for the geologist, but perhaps with 
lithological advantages for the engineer.
(c) Because of the variations of oceanographic conditions 
and in particular of major current positions, it is 
likely that planktonic-benthonic ratios will not be 
reliable stratigraphical indicators over the whole deposit, 
especially when considered with the likely facies 
dependency of benthonic forms.
(d) It is possible that diagenetic processes may have dif­
ferentially destroyed part of the foraminifera1 fossil 
record in different times or places during the Upper 
Cretaceous.
As has been'.stated, at present only limited areas of the Upper 
Cretaceous have been zoned, and the results of this work make it 
clear that a great deal of research is- required before any general 
biostratigraphical conclusions can be drawn. Part of this work 
is being carried out by the Institute of Geological Sciences, for 
a borehole in the Norfolk area (Bigg (Private communication)) 
at Plymouth Polytechnic (Hart) and at Imperial College (Carter).
2.1.3.3 Nannofossil Zonation
Due to the recent development of the electron microscope, little 
systematic palaeontology has been carried out on the most abundant 
fossil form in the chalk, the coccosphere (Figure 2. 1.3/5a), or 
as more normally found their disintegration debris including 
coccoliths (Figure 2.1.3/5a,b)These carbonate secreting calcareous 
algae are so numerous that in many parts of :the chalk, they, and 
their disintegration debris, can account for 75 to 90% of the rock. 
(Black (1953), Hakanssen, Bromley and Perch-Nielson (1974)).
Figures 2.1.3/5c (40 70). The size of the fossil population can 
be assessed when it is considered that typically coccoliths have a 
diameter of about 6 to 10 microns, and Noel (1970) has reported 
a typical population of 25 million coccolith specimens per cubic 
centimetre . in the French chalk from Arpenty, 30km south-south-west 
of Paris.
This enormous availability of material, coupled with the need to 
examine with a scanning electron microscope means that it is un­
likely that nannofossil biozonation will be available for some 
years. However preliminary work by Black and Barnes (1959), Noel 
(1967, 1970) and Aubry (1970) indicate that these minute fossils 
will have stratigraphic significance.
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2.1.4 Palaeoecology
Much dispute has centred around the possible environment on the 
land masses during the Cretaceous that could have lead to the 
scarcity of clastic material deposited in the Cretaceous sea 
from mid-Cenomanian times. For many years the belief of Bailey 
(1924) that the chalk seas were surrounded by low-lying desert 
lands, based on his observations of '•millet seed” sand grains and 
silicification of the Chalk deposits on the.Isle of Mull which 
he took to be evidence of wind-blown deposits of a hot environment, 
has been generally given credence. Recently, however, the work of 
Humphries (1961) Montford (1970) and Ehrardt (1967) have suggested 
that the land mass was of moderate relief and covered with dense 
tropical vegetation, acting as a "biological filter".
As an example, Montford has cited a present day river the
Amazon, whose waters are generally clear or contain only organic 
remains and do not deposit large quantities of sediment, as 
shown by the lack of deltaic deposits. A brief examination of an 
atlas of the world confirms that while tropical rivers such as 
the Amazon and the Zaire have no delta, other major rivers such 
as the Niger, Mississippi and Nile have extensive delta deposits.
The probable geography of the area around Britain during the middle 
to late Cenomanian is shown in Figure 2.1.3/6. As can be seen, 
evidence of near shorelines during that period are limited to parts 
of Ireland, Wales, Scotland, South-west England and Brittany, and 
it is clear that the major lithological differences between the 
Chalk of South-East England and contemporaneous deposits in 
Yorkshire, Antrim and Devonshire may be associated with approaching 
shorelines. Many of the islands in Figure 2.1.3/6. including South 
West England, would have become drowned during the early Turonian.
From the end of the Cenomanian, marine palaeOtemperatures appear 
to have increased to a maximum of about 23°c (Figure 2.1,4/1) 
based on the evidence of Urey et al. (1951) summarised by 
Emiliani (1961). After the start of the Santonian, temperatures 
appear to have fallen back, eventually reaching their original 
value of about 15 to 17°c.
The work of both Montford and Ehrardt suggests an increase in air 
temperature during the Cenomanian, leading to the formation of 
restrictive vegetation acting as a filter, and a reduction of 
terriginous deposits by.mid-Cenomanian times.
Lowenstam (1964) has concluded that while the mean air temperature 
at the equator during the Upper Cretaceous was similar to that at 
present, the probable average temperature within 20° of the North 
Pole was about 16° to 17°c during the Santonian, thus leading to 
much more uniform climatic conditions than at present (Figure 2.1.4/2). 
This view is supported by the evidence of very large deciduous 
leaves, some reportedly 40 x 40cm, which would not be likely to 
remain undamaged under present climatic conditions. According . 
to Montford (loc.cit) their size may have been an adaptation to 
a very moist, misty and calm atmosphere.
The marine environment of the Chalk deposition has been the subject 
of considerable dispute in the past, because of the mistaken 
association of the deposit with present day deep sea Globeriginal 
oozes or with bacterial precipitations in the Bahamas.
The maximum depth of the chalk sea is still not beyond dispute, but 1 
several factors give an indication of its general range -
(i)
t : (ii)
(iii) the occurrence of a large population of hexactineilid-
sponges in some parts of the deposit indicates a minimum 
depth of SO-lOOm (Reid (1968)).
electron microscopy has shown the general excellent 
preservation of coccolith material. In the present day 
seas etching of calcite material is common below 1500m 
and examples of etching can be found between 600 and 
1000m depth (Honjo (1975)). It is therefore certain
that the chalk was not a deep-sea ooze.
clearly the sea bottom must have been below normal wave- 
base, at least during the formation of soft chalks, to 
allow the coccolith debris to settle. (Reid (1973)).
This probably means a depth of more than 20m.
(iv) According to Nicholls (1956)) the cretaceous coccolith
population x?as about nine times the size, per square
metre, as in the present day Atlantic. Thus it is
clear that conditions favoured the growth of coccoliths
to
which are usually restricted^the photic zone which in 
clear Mediterranean conditions is about 130~180m deep 
(Chapman (1962)). On the other hand Hancock (1975) argues 
that the lack of evidence of algal growth on the 
sediment must mean that the sea-bottom was below the 
photic zone (quoted in this case as 150-200m).
At this stage it appears possible to say that the Chalk was 
deposited in a sea of between 100 and 600m,' while several authors 
favour depths in the range 200-300m.
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2.1.5 Diagenesis and the Formation of Flint
Perhaps the most unusual feature of the Chalk is its generally 
high porosity. Micrites with a porosity of up to 80% and with 
a complete absence of dewatering - compaction structures, lead 
inevitably to the conclusion that early (pre-compaction) 
lithification must have taken place to form a load-resistant 
framework.
In general lithification of carbonate muds can involve the 
following processes (Bathurst (1970)):-
Loss of water during compression and/or while the pores 
are occluded by cement.
Polymorphic exchange, in wet conditions, of aragonite 
to calcite, providing a surplus 8 % volume.
Recrystallization of calcite.
Dissolution of small supersoluble particles of about 
0.1 micron size.
Transfer of Mg +.
Production of secondary voids.
T _ r i   «£ — i i r>r\
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Pressure solution.
Jeans (1968) has divided these processes into intrinsic and non - 
intrinsic diagenesis. The former comprises the physical and 
chemical processes affecting the sediment as a result of its milieu 
of deposition, fauna, porewater, and physical and chemical nature.
The latter is controlled by external processes such as earthquakes, 
stress systems causing folding, faulting, jointing and pressure 
solution, the circulation of groundwater and weathering. Thus 
hardgrounds (see Kennedy and Garrison (1975)) and post depositional 
solution structures such as flasers are the product of intrinsic 
diagenisis, while the tectonic hardening reported by Strahdn (1898) 
and Mimran (1975), stylolites typical of the Yorkshire Chalk,and 
late stage solution are results of non-intrinsic diagenisis.
In all chalk, it is clear that the original deposit was a very soft, 
low-magnesium calcite mud composed largely of the organic and inorganic
a)
b)
c)
d)
e)
f)
g>
h)
remains of planktonic coccoliths. The initial stages of 
lithification involved the consolidation of the mud until the 
particles were in contact. Typically, however, consolidation 
was not significant for soft chalks after this state had been 
reached. Deposits such as the Inoceramus and White Chalks of 
Northern Ireland, which show compaction features such as structure 
deformation, fracture of fossils and interpenetration of shell 
fragments (Wolfe (1968)) are rare, except in association with 
tectonic folding where Mimran (1975) has shown that a correlation 
between density and stratal dip (Figure 2.1.5/1). occurs in chalk as- 
a result of differential stresses causing firstly mechanical 
compaction, and secondly pressure solution and reprecipitation in 
the voids. Early (Pre-compaction) lithification may have taken 
place either as a result of the introduction of calcite, or due to 
some unknown process relying on the large proportion of decaying 
organic matter present in the deposit at this time. It is 
unlikely that either allocthonous or stylolitic cement would have 
been available until much later, and the pressure welding effects 
reported by Schwarzacher (1961) must be ruled out because of the 
low pressures imposed on the deposit at this stage.
The source of this early cementing agency is, therefore, as yet un­
known. Electron micrographs of soft chalks from south-east 
England show that any form of bonding between grains is almost 
impossible to detect under high magnification (Figure 2.1.3/5) 
and yet a substantial bonding must be present to provide the deposit 
with its rock like quality at such high moisture contents and 
void ratios. It is probable, since thebonding cannot be seen, that 
only minute quantities of cement are present, possibly in the form 
of a uniform precipitation of low-magnesium calcite over the 
original grains which has welded the chalk together at its contacts 
(Friedman (1964)). The source of this calcite may have been a 
Ca C03 supersaturated aqueous environment, leading to slow 
precipitation while sedimentation was either effectively non-existant 
or very slow.. Alternatively only a small quantitiy of high 
magnesium calcite precipitation would have been sufficient.
Scholle and Kinsman (1973) consider that the major differences 
between the near-shore hard Chalk deposits of Yorkshire and 
Northern Ireland, and the more porous Chalks found in south-east 
England and under the North Sea (Ekofish.). are also diagenetic in 
origin. According to this theory, cementation in areas not 
exposed to freshwater was a function of burial depth and 
associated pressure solution - reprecipitation of calcite in a 
marine environment. In areas of uplift, near the margins of the 
Chalk sea, variations are said to be related to petrographically 
and geochemically recognizable freshwater diagenetic facies. No 
details are given, but it seems unlikely that burial depths would 
have been sufficiently large to produce pressure solution.
As has been noted, the various processes of diagenisis leave 
different marks on the deposit. The formation of hardgrounds 
has been discussed at length by Kennedy and Garrison (1975).
They are beds which have undergone contemporaneous hardening as a. 
results of a break in deposition and have been exposed as lithified 
rocky sea bottoms; induration therefore fades away downwards. 
Because they represent a break in deposition they typically 
show features such as pebbles, phosphatisation, glauconisation and 
encrustation which appear to require some considerable time to 
develop. Bromley (1968) has shown that both burrows and borings 
are present in typical hardgrounds such as the Chalk Rock, thus 
demonstrating that even in the most severely'indurated chalk, 
hardening was penecontemporaneous with deposition, submarine,and 
led to adaptation of a fauna as hardening occurred. Reid (1962) 
also invokes erosion currdnts to explain the presence of nodules or 
pebbles, but Kennedy and Garrison (loc.cit) explain these as the 
material left undisturbed by initial burrows.
Because the formation'of hardgrounds is linked to pauses in 
deposition, they commonly occur in areas of shallow sea, such as 
over massifs or near land. Hardground are particularly common 
in Chalk, and it is a mistake to associate them only with better 
known horizons such as the Chalk Rock and the Top Rock.
Flasers (also flaserkalk, flaser structure, solution seams, and 
wavy bedding) are streamers of marl or clay, dominantly in 
the direction of bedding but also at low angles to bedding.
(Hancofck (1975)). Since there is no known despositional process 
capable of producing such a structure, their origin, is tied to 
post-d.epositionai solution. Because they are cut by pene- 
contemporaneous faults probably associated with differential 
compaction, and since they are associated with compressional 
slickensiding around nodules whose origin is tied^to this 
dissolution (such as in parts of the Melbourn Rock) their origin 
is probably immediately post-depositional.
These structures appear to be associated with hardening in the 
Chalk. Because they are only visible in chalk with an appreciable 
clay content a false impression may be gained that post-depositional 
solution is associated with argillaceous chalks. Hancock (1975) 
has pointed out that the evidence of Barr (1962) that foraminifera 
on the Isle of Wight are best preserved inside flints suggests 
that this process is at work in other horizons within the Chalk.
Styloiites are discontinuities produced in the Chalk, probably as 
a result of pressure solution. Because they occur largely in the 
hard chalk of Yorkshire and Northern Ireland it is thought that 
they do not develop until the chalk has been fully lithified.
Unlike flasers,styloiites are generally jagged edged structures 
which do not contain clay.
Late-stage solution has occurred in the hard chalks after the 
formation of styloiites. In the Senonian chalk of Yorkshire there 
are many beds of soft marl of about 1cm thickness, some of which 
may enclose lenticles of hard chalk. Hancock (1975) has shown 
that since these lenticles of chalk sometimes contain styloiites 
which end at the clay, the clay structures must post-date the 
styloiites. Although late-stage solution features are commonly 
parallel to the bedding, and occur in association with styloiites 
the process is believed to be independant of the styloiites and has 
resulted in considerably more solution. Hancock has estimated that
in the Santonian chalk of the Yorkshire coast as much as 0.15m 
in a distance of 0.30m may have been removed by this process.
Mimram (1975) has examined the chalk of the Dorset coast and 
reports on the effects of tectonic action, caused in this instance 
by the Purbeck-Weymouth anticline. Previous work by Strahan.
(1898) had noted that the near-vertical and sometimes overturned 
chalk of the coast section was vey much altered and hardened when 
compared with shallow chalk inland. Mimram reports that this 
hardening has occurred as a result of two processes
(i) the disaggregation of coccolith scales ana reorganisation 
of calcite debris into a more compact state, directly as 
as result of tectonic shear and compression
(ii) the pressure solution and removal of Calcium carbonate by 
pure fluids.’ This second process is invoked because
of the supposed relative enrichment of insoluble residue 
in chalks of high stratal dip and density. In fact only 
ten samples were tested, apparently not from a single 
horizon and since there is no reason to suppose a transport 
of Ca CO3 from the sediment this mechanism seems unlikely.
Mimram has shown that density (?bulk or dry density) can be broadly 
related to stratal dip, as shown in Figure 2.1.5/i. It appears 
from his results that tectonic shear and compressive stresses produce 
variations of density which are far more significant than occur 
as a result of other processes in that area.
The formation of the characteristic flint layers found in the upper 
part of the chalk has also been the object of much speculation.
Four main groups of theories exist;—
Syngenetic theories state that the silica was precipitated from 
solution, probably by the presence of ions, in the sea-water.
These coagulations would eventually become heavy enough to sink to 
the bottom of the sea in a gelatinous masss, sometimes trapping sponge 
skeletons and brachiopods and preserving them.
The evidence for this group of theories is largely based on the 
occurrence of fossils in flint and chert, some of which have 
preserved muscle tissue of brachiopods in formations other than the 
chalk, indicating deposition of the silica before decay of the 
animal. While it is difficult to explain these particular types 
of fossilizations by any other mechanism, it is unlikely that this 
type of theory explains more than a small fraction of the flint.
The main objections to syngenetic theories are that:-
(i) silica levels in present day oceans indicate that very 
special conditions would need to apply.
(ii) particular sponge types are preferentially preserved in 
flint. If the silica was capable of replacing the soft 
tissues of other organisms, then it should be expected 
to preserve all types of sponge equally.
(ill)'flint layers frequently occur at high angles to the
bedding plane and sometimes infill subvertical jointing, 
(for example in the zone of A.quadratus). Displaced 
subhorizontal flint layers and infilled joints, therefore, 
indicate at least two phases of deposition.
(iv) effective stress levels (as indicated by the lack of
compaction structures in the soft chalks of south-east
England) would not have been high enough to subsequently
compress the silica-gel to a hard flint. No other theory 
to explain this diagenisis has been proposed.
Penecontemporaneous theories state that during initial consolidation
pore water was exclusively removed from the chalk causing an
increase in concentration of silica, which subsequently formed 
colloidal particles. Some modifications of this theory state that 
high overburden pressures dissolved sponge spicules (the largest 
source of silica in the unlithified deposit) to form a super­
saturated solution as further porewater was excluded, leading to 
redeposition.
These types of theories can be objected to because:-
(i) no explanation of the segregation of the flint from the 
chalk is proposed.
(ii) overburden pressures could never have attained the 
values required for solubility of silica.
Epigenetic theories assume that the source of flint forming silica 
was the remains of sponges, and that these were embedded in the 
biomicritic mud during deposition of the Chalk, Subsequent uplift 
of the deposit lead to contemporaneous leaching of sea-salts and 
silica spicules, the silica being redeposited at lower levels along 
planes of weakness, such as joints or bedding planes. This 
theory is supported to a certain extent by the findings of 
Richardson (1919) that flint layers occur at levels where dispersed 
silica is absent and vice-versa, (Figure 2.1.5/2). The dispersed 
silica content of the chalk generally increases with depth, there 
being of the order of ten to thirty times as much silica at the 
base of the Lower Chalk as at the top of the Upper Chalk.
Physical theories have grown out of the observations of Liesegang 
(in Cole (1917)) who discovered that diffusion of a drop of silver 
salt across a gelatin plate containing a trace of silver nitrate led 
to the formation of concentric rings of precipitated silver dichrornate 
the interval of the rings becoming wider away from the centre. This 
discovery was compared with the rhythmic deposition of flint layers 
in the chalk, but Richardson (1919) was unable to successfully 
apply Liesegang*s results to the English Chalk. The relevance of 
these and other experiments conducted by Stansfield (1917) and 
Shepherd (1972) must be questioned since the salts used ini. the 
experiments were several thousand times more soluble than silica.
They do show that perco\lating solutions tend to deposit their 
solutes in zones. They do not explain the lack of compression of 
the chalk around flint layers, to be expected if silica were to 
be transported in such quantity to lower levels.
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2.1.6 Post-Pepositional Processes
This section deals with the .'processes - which have effected
the English Chalk since its deposition and lithification, namely 
erosion, and folding. >
The oldest Tertiary beds in the south-east of England are the 
Thanet beds. They and succeeding Tertiaries rest on a variety 
of the fossil zones of the Upper Chalk (see Figure2.1.6/1) and it 
is clear from this and the large fauna1 differences that the 
•junction* is unconformable. This is substantiated by Continental 
successions which indicate that time gap between the Cretaceous 
and Tertiary deposits was of the order of 15 million years 
(Curry (1965)) during which the majority of the Maestrichtian and 
all of the Danian stages were deposited.
Chalk was almost certainly laid down over south-east England 
and the North Sea during these stages, but subsequent uplift, 
concentrated on the area of the London Basin, led to the erosion 
of more than 150m of chalk in seme areas. Borings in the upper­
most chalk surface by what are believed to have been marine 
organisms indicate that the penepianation was carried out under 
marine conditions, and the deposition of the Palaeogene beds then 
followed in .a generally marine environment.
Erosion of the Chalk has taken place in two principal periods, 
namely:-
(a) marine erosion, between Upper Cretaceous and Upper 
Palaeocene times, since the Thanet beds rest unconformably 
on the uppermost beds of the Chalk.
(b) glacial and fluviatile erosion in Pleistocene and Recent 
epochs.
The result of this erosion is that in many parts of England much of 
the original Chalk is not represented.
Both Wooldridge and Linton (1938) and Curry (1965) present summaries 
of the Chalk zones immediately underlying the Tertiaries and their
results are reproduced here as Figure.'2 .1.6/1.
Although differences exist, presumably because more information was 
available to Curry than to Wooldridge and Linton, it is clear from 
both works that the major structural features in the Cretaceous 
and Tertiary rocks of south-east England did not have antecedents 
operating in the pre-Upper Tertiary period. The sub-Eocene Chalk 
erosion surface appears to have been remarkably flat, affected 
only a a. gentle upwarping of N.N.N to S.S.E (Charnian) trend,.which 
has..left the chalk in the London area relatively thin.
It was not until Eocene times that the London and Hampshire Basins 
evolved. During London clay times the Purbeck-Weymouth fold, 
later to be a significant feature of the Chalk of Southern England, 
first showed signs of movement.
However, it was not until the Miocene (Alpine) Orogeny that England 
began to take on its present form. The major fold structures 
in south-east England are shown in Figure 2.1.6/2y and clearly many 
features such as the Hogs Back, the central ridge ana the Needles 
of the Isle of Wight, the Weald, etc., are the result of Miocene 
upnit ana luiuiug. xu addition the dominant S.W«~N.E« strike 
which forms such a prominent feature on the geological map of 
England is a product of the Miocene movements. All of these 
structural features initiated drainage patterns many of which have 
survived.
The major structures of South-east England are a series of anticlines 
and monoclines of approximately east-west trend. Broadly they 
fall into two groups:-
(a) Wealden structures
(b) the Weymouth-Pur beck - Isle of Wight structure.
The Weald is a simple eroded anticline with generally low regional 
dips on which are superimposed a series of minor structures which 
may locally give dips of up to 20-30°. Only at the Hogs Back 
near Guildford is there evidence of more powerful tectonic forces,
and at this location dips are commonly of the order of 30-40°,
(Jukes-Browne (1904)) and are sometimes as high as 60° or more 
(Young (1905)).
The P'urbeck fold is steeply monoclinal. The near vertical 
limb, which in fact is sometimes overturned (for example at 
Lulworth Cove) with the beds dipping steeply to the south, lies to 
the south of a gently dipping expanse of Chalk which extends over 
much of south Dorset. To the east, on the Isle of Wight, the 
Chalk outcrop is also steeply monoclinal and the central limb dips 
at angles of 75-85° (Jukes-Browne (1904)). At this exposure 
however, the northern limb is concealed beneath Tertiary beds and.jLt 
is the southern limb which is exposed in the south of the Island 
and can be seen to be very flat, with a dip of less than 5°. Other 
less significant structures also exist in the area^for example 
the Portsdown anticline, the Winchester anticline where dips are 
less than 6°, the Pewsey - Kingsclere anticline, and the Lewes 
anticline.,
In Wessex and the Weald the structures that have affected the Chalk 
arc clearly the product of the Alpine orogeny, while there is little 
evidence of pre-Miocene representatives (Wooldridge and Linton 
(1938)). Elsewhere in England the affects of this event are 
comparatively insignificant, and there is little evidence of 
significant tectonic deformation of the chalk north of the Thames 
Valley.
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2.2.1 Porosity, Void Ratio and Moisture Content Measurements
Although countless determinations of the moisture content of chalk 
must have been made during the course of site investigations 
for engineering purposes, many of these measurements must be 
considered unrepresentative because of the problems of sample 
dessication and disturbance.
Few carefully controlled determinations have been reported, but
in general it has been observed that the moisture content of chalk
varies between about 9% and 33% equivalent to a void ratio range
of between 0.25 and 0.88. This variation appears to be related
in a general way to stratigraphical level (Carter and Mallard
(1974)) (Figure2.2.1/1), although it is extremely unlikely that this
is due solely to consolidation or "gravitational compaction" effects
as early lithification undoubtedly took place, (for example see
Bromley (1968)). Uner the "apparent preconsolidation pressures"
2reported by Carter and Mallard (between 3500 and 10500 kN/m )
Skempton (1970) would predict moisture contents for the chalk of 
between approximately 9 and 12%. It is therefore clear that the 
"preconsolidation pressures" are attributable to diagenetic bonding.
If the void ratios seen in the Chalk of south-east England were 
attributable mainly to consolidation, then it would appear that 
the deposit was lithified at a depth of between about 2m (for the 
upper zones of the Senonian in S.England tested by Carter and Mallard) 
and 200m (for the middle of the Cenomanian) assuming a liquid limit 
for the deposit of about 27%. Thus from this it is possible 
(but unlikely) that lithification took place rapidly, contemporaneously 
with the formation of the uppermost chalk deposits in south-east 
England. It is most probable that the Maestrichtian and Danian 
stages also saw the deposition of chalk over the area, this being 
subsequently eroded, and this makes such an explanation most 
unlikely. A more likely explanation is that a continuing marine 
transgression throughout the Turonian and early stages of the Senonian 
moved the shoreline, and conditions favourable to cementation, further 
away from south-east England.
Two points clearly emerge. Firstly the "pre-consolidation 
pressures" reported by Carter and Mallard (1974) and Meigh and 
Early (1957) bear little or no relationship to the probable effective 
overburden pressures previously imposed on the chalk, and the 
trend of preconsolidation pressures anddensities are more plausibly 
a reflection of the extent of lithification by calcite grain 
growth, rather than consolidation. It is interesting to note 
that Carter and Mallard’s.values were not obtained from zones higher 
than Micraster coranguinum, and that the zones above that of 
Marsupites testudinarius are believed to increase in hardness.
Secondly, the relationship between the relative particle sizes of 
the constituent elements of calcite (generally 4-0.5p. (Black (1953)), 
clay (0.1-0.Olp (Masson (1973)) and quartz sand (0*6-2,Omm) can be 
expected to have a significant effect on the void ratio of chalk by 
decreasing its uniformity of size. Thus, for example, one would 
expect a systematic increase in density with increasing calcimetry 
in the Cenomanian, which would relate to composition rather than 
overburden pressure. Studies for the Channel Tunnel project, and 
subsequent by Masson (1973) show that such a trend does exist 
(Figure 2,2,,1/2s)
On stratigraphies1 grounds, the work of Carter and Mallard (1973) 
can be criticised because of the unfortunate method of presentation 
of results. It is clear from the many observations of the Chalk that:
(a) there is much evidence of discontinuous deposition through­
out Cretaceous times, and the thickness each time unit 
represented by a biozone can vary considerably according
to geographical location.
(b) the Cenomanian transgression has led to the formation of 
diachronous lithofacies. Thus the base of the Cenomanian 
chalk is transgressive.
The method of presentation (see Figure 2.2al/l) would be valid provided 
that uniform deposition conditions had prevailed during the 
Cretaceous, that subsequent deposits had imposed uniform loads over 
the whole extent of the Chalk, and that consolidation (or"gravitational
compactions") was the only diagenetic mechanism operating. A 
more appropriate approach may be by biostratigraphical division, 
although this would not overcome the problems of lithofacies.
Despite all the above criticisms, the results of Carter and Mallard 
remain a most important contribution to our knowledge of the 
properties of the Chalk, and perhaps open up the possibility of 
the engineer using stratigraphy at least to make preliminary estimates 
of the properties of Chalks.
Masson (1973) has also presented values of for average natural 
moisture contents as follows; each value is the average of at least 
20 determinations:-
SITE STRATIGRAPHICAL POSITION 
(BRITISH EQUIVALENT IN BRACKETS)
AVERAGE
NATURAL
M/C(%).
Saint-Cloud Upper Campanian(?B.raucronata) 25.7
Incarville Lower Campanian(?A.quadratus) 22.5
Pacy-sur-Eure Upper Santonian(?M.testudinarius) 27.5
Feuilleres Middle Santonian(?M.coranguinum)
. 1 4 7  
(Dolomitized)
A27 U. Coniacian(?M.coranguinum) 
L. Santonian
23.4
Sauqueville Lower Coniacian 
(?M.cortestudinarius)
24.5
Rouvray Middle Coniacian 
(?M. cortestudinarium)
22.5
RN 1 (Le Catouillage) M-U. Coniacian 
(?M.cortestudinarium)
24.3
Maiincourt Middle Coniacian 
(?»M. cortes tudinarium)
25.0
Morval Middle Coniacian 
(?M.cortestudinarium)
24.8
Serain Upper Turonian(?H.planus) 20.3
Trith St. Leger Upper Turonian(?H.planus) 15.5
Belbeuf Turonian 15.8
Similar data are also reported by Mhigh and Early (1957), but un­
fortunately many of the moisture contents must be ignored since 
they are obtained from poor quality hand samples. Two block samples 
were obtained from a quarry at Coulsdon, Surrey which were reported 
to be 95% saturated. This quarry, believed to be near to Coulsdon 
Station, is largely referable to the zone of M.cortestudinarium, 
although the upper 10m is thought to be M.coranguinum (Jukes-Browne 
with. Hill (1904)). Meigh.and Early’s results were:
MOISTURE CONTENT (%)
23.4 
25.7
which are surprisingly in agreement with the values of Masson for 
French chalk of a similar age, (24.5, 22.5, 24.3, 25.0, 24.8%) .
Hutchinson (1971) has presented results for moisture content for 
block samples obtained from the Micraster coranguinum zone at Joss 
Bay on the Isle of Thanet. The average moisture content was 29%.
Burland and Lord (1970) have reported moisture contents for the 
Mundford Proton Accelerator Site of between 25 and 28%. Ward,
Burland and Gallois (1968) report that the site consists of chalks 
from low in the Terebratulina lata zone to the basal members of the 
Micraster cortestudinarium zone.
Lake and Simons (1974) report moisture contents for open drive samples 
and a block sample of chalk from the Eastrop Business Area, Basingstoke 
which is probably sited on Micraster coranguinum chalk. Open drive 
samples gave a range of moisture contents from 25-28%, while the block 
sample gave a value of 26%.
In contrast with these values, the void ratio of the Antrim chalk 
is reported as only 1.3-2.0% (Hancock (1963)) corresponding to a 
moisture content of less than 1.0%. This extremely low porosity is 
not entirely attributable to consolidation, silicification or 
metamorphism. In some parts of the deposit compaction effects are 
evident, and this probably has provided the necessary cement for late
SAMPLE
A1
A2
diagenesis, as a result of pressure solution at the contact points. 
In other lithologieal units, compaction features are not evident 
and it has been suggested that early diagenesis took place. 
Lithification by cementation has been the postulated mechanism 
(Wolfe (1968)) but the source of the extra cement remains unknown.
Figure 2.2.1/3 shows a plot of all the data found on moisture content 
as related to stratigraphy. It is clear from this plot that 
either the relationship between stratigraphical level and void 
ratio is more complicated than has been suggested by Carter and 
Mallard, or that the insitu moisture content is difficult to 
determine accurately.
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2,2.2 Specific Gravity
There can be little doubt of the specific gravity of the mass of the 
chalk because the vast majority of the outcrop has considerable 
chemical purity (see later). The major constituent is calcite 
which has a specific gravity of 2.71-2.72,(Hancock (1963)). The 
only other constituents of importance in the Chalk are flint, with 
a specific gravity of between 2.44 (cortex) and 2.58 (core), and 
the clay which occurs in considerable quantities into Cenomanian 
chalk. This clay is most likely to have a specific gravity of 
around 2.67. It is therefore unlikely that chalk (excluding 
flint) can have a specific gravity of less than about 2.69.
The following values have been quoted
2.67 -2.70 . ' Lower Cenomanian, Senonian (Israel)
(Wiseman and Levy (1966))
2.50 -2.67 Hr. Cambridge
2.2.3 Density
Since, in general, chalk is probably saturated in the ground, its 
rock density, moisture content and specific gravity may be related 
by the equation
2.67 -2.72
2.71-2.72
2.69
(Parasnis (1952))
(Probably incorrect due to insufficient 
grinding during preparatic
All Chalk
(Jenner and Burfitt (1975)]
M.cortestudinarium zone, Surrey 
(Meigh and Early (1957))
High Wycombe By-pass 
(Parsons (1967)).
where w 53 moisture content (%■) 
yD « dry density (Mgjm3)
Gg 85 specific gravity
Despite this, it is common practice to carry out both moisture content 
and density determinations during investigations.
Density measurements have been carried out by Parasnis (1952) 
for the Chalk f,near Cambridge**, where the following values were 
obtained.
SAMPLE BULK DENSITY (Mg/m3) DRY DENSITY (Mg/m3
A1
A2
A3
Bl
B2
Cl
C2
C3
1.93 
1.97
1.94
1.94
1.96
1.96
1.95
1.95
1.55
1.60
1.52
1.59
1.60
1.54
1.52
1.54
These results are typical of the Upper and Middle Chalk, as 
reported by Jenner and Burfitt (1975):
Upper Chalk: Average dry density » 1.53Mg/m3
C = 0.06Mg/m3
Middle Chalk:
Lower Chalk:
Average dry density = 1.56Mg/m
Average dry density =* 1.95-2.15Mg/m3
a =» 0.05Mg/m3
However the above values appear to have been derived from British 
Standard undisturbed samples taken with the UlOO (CP2001: 1967).
There can be no doubt that such a technique cannot obtain truly 
undisturbed samples of chalk, it is probably that the remoulding which 
occurs as a result of driving sample tubes leads to an increase in 
dry density.
For this reason, densities obtained from rock lumps may give a better 
guide. Masson (1973) has quoted the following values, which are 
believed to be rock density determinations.
SITE STRATIGRAPHICAL
POSITION
DRY DENSITY 
(Mg/m3)
Saint-Cloud Upper Campanian 
(?B.mucronata)
1.57
Incarville Lower Campanian 
(?A.quadratus)
1.59
Pacy -sur-Eure Upper Santonian 
(?M. testudinarius)
1.52
Feuilleres Middle Santonian 
(?M. coranguinum)
1.82
A27 U. Coniacian/L,Santonian 
(?M, coranguinum)
1.44
Sauqueville Lower Coniacian 
( ?M, cortestudinarium)
1.50
Rouvray Middle Coniacian 
(?M. cortestudinarium)
1.57
RNl (Le Catouillage) M-U,Coniacian
(?M. cortestudinarium)
1.51
Maiincourt Middle Coniacian 
(?M.cortestudinarium)
1.53
Morval Middle Coniacian 
(M.cortestudinarium)
1.59
Serain Upper Turonian 
(?H.planus)
1.65
Trith St, Leger Upper Turonian 
(?H.planus)
1.69
Belbeuf Turonian 1.60
Other authors report zonal values as follows
SOURCE ZONE DRY D ENSITY ( Mg /m3 )
Lake and Simons(1974) Micraster
coranguinum
1.34 - 1.43
Hutchinson (1971) Micraster
coranguinum
1.47
Meigh and Early(1957) Micraster 
cortestudinarium
1.62 - 1.55
Burland and Lord(1970) Terebratulina lata 1.55
As can be seen, no pattern emerges when these results are plotted 
on a zonal basis. (Figure 2.2.3/1). A plot of "natural moisture 
content against dry density (Figure 2.2.3/2) shows that either -
i
(i) the chalk is not saturated in the ground
(ii) the dry density is underestimated in the tests
(iii) the specimens have been allowed to dry out after
sampling and before testing.
(iv) the moisture content is underestimated, and the dry
density overestimated.
It is clear that both insitu moisture content and dry density are 
much more difficult to measure accurately for chalk samples than for 
clay deposits. Massons results should be regarded with caution 
since Tallon (1975) has reported the following results for samples 
obtained from the same sites and tested by mercury pycnometer.
yT> (Masson) yD (Tallon) Derived yD (Masson")
 _________ _______________________ from moisture content
Pacy-sur-Eure 1.52 1.49 1.55
Sauqueville 1.50 1.49 1.63
Incarville 1.59 1.54 1.68
Rouvray 1.57 1.59 1.68
Belbeuf 1.50 1.82 1.89
oDry |
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2.2.4. Hardness
The hardness of chalk would appear to be a useful parameter, since 
it may well be related to other properties such as strength. With 
this in mind, various French workers such as Masson (1973) have used- 
the Vickers hardness test on chalk with reasonable success.
Specimens are prepared by ovendrying and then polishing the surface 
of the chalk to be tested. As when the test is used with steel, 
a diamond tip is forced onto this prepared surface under constant
load, and the size of the imprint is then measured. The resistance
to penetration, expressed as the Vickers Hardness Number (Hv) can 
then be obtained from a reference table.
Massonfs results for 12 different French Chalks are shown in
Figure2.2.4/1. It can be seen that the Vickers Hardness Numbers for
the chalks tested vary from the limit of sensitivity of the test
(= 1.8 kg/mm^) to about 20 kg/mm^, although the approximate value of
2crystalline calcite (110 kg/mm ) was recorded on occasions when large 
elements were encountered. The results clearly show the extent 
of variability of different chalks. Very soft chalks which behave 
very badly in earthworks because of their tendency to crush down to 
fines, are characterised by low average hardness numbers, with a small 
standard deviation. (For example see Sauqueville, Pacy-sur-Eure, and 
Saint-Cloud). Somewhat better chalks, commonly with some large 
elements of crystalline calcite (probably Inoceramus or other 
macrofossil fragments) give a higher average hardness number, and nave 
a very large scatter of results often with several peaks. (For 
example see Rouvray and Incarville). Finally the best chalks usually 
have a highly developed intercrystalline bonding and present a
uniformly high hardness with very few results falling below about
2 o
5 kg/mm , and with values typically up to 15-20 kg/mm .
The average values obtained from a minimum of 100 measurements per 
type of chalk were as follows
2
Average Hv (kg/mm )
Pacy-sur-Eure 2.4
Le Catouillage RN 1 2.5
Saint-Cloud 2.5
2
Average Hv (kg/mm )
Sauqueville
Morval
Malincourt
Incarville
Rouvray
A27
Tr ith-Saint-Leger
Belbeuf
Feuilleres
3
4
4.5
5 
7
7.5 
8.7 
15
2.7
In view of the difficulty sometimes encountered in measuring density 
and void ratio, it is interesting to attempt to correlate hardness 
to dry density. Figure 2.2.4/2 shows the result. Similar if Vickers 
hardness is plotted against moisture content, as in Figure 2,2.4/3. 
a fairly scattered result is once again achieved.
Several points emerge:- ,
2
a) The result for the A27 (7.0 kg/mm ) stands well away from
the general trend of results in both plots. Since experience 
has shown that the material on this site behaved very well in 
earthworks, one must conclude that either:
(i) the void ratio was overestimated in both density and 
moisture content tests
or
(ii) void ratio is not always a good guide to engineering 
performance.
b) The Vickers Hardness test is particularly insensitive in the 
low range which, ,coincidentally* is where most sensitivity^is
required for earthwork problems.
Le Catouillage (RN I ) 1
— ;—  —  Autoroute A 2
 . Autoroute A 27
♦ «- Feuill&res
- - - - - - -  Morval
Malincourt
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--------------Incarville
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0  $ AtV !S
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2.2,5 Chemical Composition
Much chemical analysis is reported by Jukes-Browne with Hill (1903, 
1904) but many of the results should be treated with caution.
With few exceptions, notably the argilaceous beds of the plenus marls, 
the major impurities in the Chalk are restricted to the lower beds of 
the Cenomanian stage. As Jukes-Browne has stated, it is not 
surprising that the chemical composition of the lowest part of the 
Chalk varies considerably, as it displays obvious differences in 
lithological character both at different horizons within the deposit 
and at different localities.
From the base of the Chalk Marl the calcimetry of the chalk generally 
increases until the 11 whit^ chalk” in the upper part of the Cenomanian 
beds is reached. The calcium carbonate content varies from about 
55 to 65% at the base, to about 90 to 95% in the "white chalk"
(Figure 2.1,2/2), It is interesting to note that the clay content 
of the "white chalk" is still obvious, even at this low level, and 
can be seen best when chalks from the zones of Holaster subglobosus 
and Rhynchonella cuvieri are compared.
However the increase in calcimetry in the lower chalk is not regular 
and as can be seen from Figure2*l-2/lthis may be linked with the 
rhythmic sedimentation observable in some parts of the deposit.
It has been suggested by Destombes and Shepherd-Thorn (1971) that in 
the south-east of England the junction between the Chalk Marl and the 
Grey Chalk coincides with a break in increasing calcimetry at about 
80% (Figure 2.1.2/2.
The base of the Turonian beds is marked by the plenus marls, which 
consist of several beds of varying calcimetry. In the more clayey 
marls calcimetry is significantly reduced, a value of 75% being 
recorded by Berry (in Jukes-Browne (1903)). Apart from this 
relatively small lithological unit, the major impurity in non- 
Cenomanian chalks occurs in the form of flint silica. Flints excepted 
the remainder of the chalk exhibits a remarkable purity. The zones 
of the Turonian chalk generally contain between 95% and 99% calcium 
carbonate, while in the Senonian Chalk, calcimetry of less than 97.5%' 
is exceptional.
T.lata H. planus M. corang­
uinum
M.test-
udinarius
(Echo Pit 
Guildford)
(Blant *s Fra, 
Marl 0x7)
(Langden
Steps,
Dover)
(Foreness 
pt,Thanet)
Si02 0.15 1.35 1.15 0.50
a 12°3 1.01 0.27 0.21 0.14
^e2®3 0.09 0.71 0.06 0.05
MnO - 0.07 0.03 0.03
MgO 0.36 0.46 0.25 0.33
CaO 54.82 54.13 54.75 54.96
Na20 ■ - .0.08 0.04 0.16
k2° - 0.12 0.04 0.03
P2°3 0.10 2,42 0.09 0.08
co2 43.41 40.60 43.67 43.85
(CaC03) 97.84 94.39 98.22 98.55
TOTAL 99.94 100.21 100.29 100.13
TABLE 6 Typical Chemical analyses o£ the Chalks (from Walsh(1975)).
Some typical analyses of Turonian and Senonian chalks have been 
given by Walsh (in Hancoclc(1975) ) and are shown in Table 6 .
The major impurities in the chalk are silica, either dispersed in 
the form of sponge spicules or present in the form of flint, and 
clay. As we have seen in an earlier section, Richardson (1919) 
has argued that flint layers occur at levels where dispersed silica 
is absent, and that in the Cenomanian and lower Turonian zones 
dispersed silica is most plentiful. Whilst this may be true in a 
general way, more detailed study shows that:-
(a) dispersed silica may not be any more abundant in the 
Senonian chalks with little or no flint than in those 
zones with plentiful flint.
(b) the quantity of dispersed silica in the Senonian and 
Turonian chalks rarely exceeds 1-2% by dry weight.
(c) whilst large quantities of siliceous matter (between 15% 
and 40%) are often reported by early workers for the 
Chalk Marl, it should be remembered that the vast 
majority of this material occurs in the form of clay.
(d) taking the very broadest view, Richardson has shown
that the average of the soluble silica contents recorded 
by Jukes-Browne (1903,1904) above the Melbourn rock is
only 0.3% while the average below the Melbourn rock is
2.9%.
The amount of dispersed silica generally is small, and its effect on
the strength of the deposit is unknown. Only in certain parts of
the deposit, such as Wiltshire and Berkshire, does its quantity
increase dramatically and in these cases it appears to increase the
strength of the rock. In contrast Masson (1973) has stated that
French siliceous chalks are characterised by very low densities
3(l.l0-1.20Mg/m ) and high moisture contents (60-80%) which would 
imply low strength.
The clay content of the Cenomanian chalk has been studied briefly 
by Le Roux (1973) and Masson (1973), and in great detail by Jeans 
(1968). The composition of the thin marl bands which so often 
form a feature of the Terebratulina lata zone is reported by 
Lord, Burland and Gallois (1968) for the Mundford site.
The calcium carbonate content of the thin Turonian marls is 
reported as between 50 and 807*. X-Ray and D.T.A. Examination 
show the residue to be composed only of quartz, montmoriiIonite and 
illite, with the quartz and illite contents less than 6%. of the 
whole.. MontmoriiIonite is therefore the predominant clay mineral.
Le Roux (1973) and Masson (1973) do not specifically proportion the 
principal clay minerals in the Cenomanian but indicate that they are 
illite and montmorillonite. In contrast Jeans (1968) has studied 
in details the chemical composition of the Lower Chalk and plenus 
marls at 15 sections in south and east England. The variations of 
the percentage weights of the various clays are given by Jeans as:-
Major
components
Minor
components
Montmor ilIonite
Illite
Kaolinite
Quartz
Apatite
Vermiculite
Chlorite
Pyrophylite
Cristobalite
0-80%
20-84%
0-29%
0-51%
commonly present but not 
estimated
The results of this work indicate that two antipathetic assemblages 
of clay-grade minerals are present in the Cenomanian chalkjpne being 
characterised by high montmorillonite/illite (M/i) ratios (>0.7 and 
up to over 2.0) with some quartz, while the other typically has M/i 
ratios of less than 0.2 with generally more than 10% Kaolinite, traces 
of chlorite and vermiculite being present.
2.2.6 Thermal Conductivity
Few values of thermal conductivity are reported for chalk, but in 
view of the recommendations of Road Note 29 regarding the placing 
of frost susceptible material within 450mm of major road surfaces 
and the probable severity of the conditions of the Frost susceptibility 
test, this information may be valuable in a reassessment of the 
use of chalk fill.
Thomas et al (1973) have reported thermal conductivity values 
for a number of carbonate rocks, including a specimen of chalk.
It appears that thermal conductivity (X) for dry samples is 
related to porosity for carbonate rocks by the approximate equation 
X= 3.0 - 5.1 n '
where X  83 thermal conductivity (W.m ~^°C ^) 
n ** porosity (per unit)
The measured values of thermal conductivity for the chalk sample with 
a void ratio of about 0.55 were
1.2w/m /°C at 40.5°C (dry sample)
1.7w/m/°C at 40.5°C (soaked sample)
2.2.7. Pore Size and Suction
Earlier discussions have shown that differences in behaviour of 
different chalks cannot generally be linked to chemical composition, 
and it seems likely that moisture content and dry density do not 
perfectly reflect differences in strength and hardness. Thus it is 
possible that differing textures of chalk can lead to differences in 
behaviour.
Work on the suction of soils was reported as early as 1952 by 
Croney, Coleman and Bridge who detailed the methods employed by the 
Road Research Laboratory in their studies and showed a typical 
moisture content/suetion relationship obtained by them for hard 
chalk. Lewis and Croney (1966) subsequently reported some results 
typical of the work undertaken by the Road Research Laboratory.
Masson (1973) has since reported results for a wide range of French 
chalk.
Suction forces are set up in the pore water of intact chalk
during drying, and exist while xrater is present or until the material
is allowed to wet up. The value of the suction is expressed by
the symbol pF, which is the base ten logarithm of negative pressure
expressed in centimetres of water. Thus a pF value of 3
represents a pressure difference between the sample and atmosphere
2
of 1000cm of water, or about lOOkN/m . A pF value of 4 represents
2 , 
about 1000 kN/m .
Intact chalk typically does not suffer significant reduction in*. - 
moisture until a pF value of more than about 3. Drainage from 
the saturated chalks tested by Lewis and Croney are stated to have
i . . .
commenced at 2.5 and 2.9 pF for soft and hard chalk respectively 
but tests by Masson are claimed to indicate that no appreciable 
drainage can be expected below a pF value of3.2 to 3.5. The 
difference beteen these two sets of figures is considerable, since 
Lewis and Croney would predict that the chalk would only remain 
saturated for a maximum of about 3 to 10m above the water table, 
while Massons figures indicate that this figure should be much larger 
and between 16 and 32m about the water table. Therefore, it is not 
possible, from the published information, to state that insitu chalk 
will always be saturated provided it does not contain open joints, 
or other discontinuities.
Figure 242.7/l shows both results by Lewis and Croney, and Masson. 
Masson’s results are incomplete because more than one method is 
required to measure suction over the whole range found in chalk.
The values of suction required to cause drainage can be related to 
the pore size. Masson has used Jurinfs law to calculate the 
equivalent pore diameter. From the equation -
2T
h « —
e°g
where h = suction Head (cm)
T *= surface tension (=76.4 dyn/cm for water)
£ = density of water (= 1.0 g/cm^ for water) 
g = 981 cm/sec
D = equivalent pore diameter (cm)
equivalent pore sizes for Masson’s chalks vary from about 
1.5p (pF - 3) to 0.5ji (pF = 3.5), but Lewis and Croneys 
values give a range of 5p (pF = 2.5) to 2p (pF = 2.9).
Beibeuf
Rouvray
Incarville
Saint-Cloud
Sauqueville
Pacy-sur-Eure
(Masson)
Chalks (Lewis 8  Croney)
Eau (cm) pF
1 0 0 0 0  - - 4
1 0 0 0 - - 3
I00--2
0
10 20 3 0
w (%)
SUCTION AND DRAINAGE CURVES OF 
TWO ENGLISH CHALKS COMPARED WITH 
DRAINAGE CURVES FOR THE CHALKS 
STUDIED AT THE LABORATOIRE CENTRAL 
DES PONTS ET CHAUSSEES. (from 
Masson (1973)).
Fig:-2-2-7/l
2.2.8 Intergranular Bonding
Le Roux (1973) has examined chalks under the electron microscope 
to determine on a purely qualitative basis the effects of visible 
bonding between calcite grains. It appears that visual 
inspection will certainly differentiate between hard and soft chalks, 
but that the wethod is not sensitive at the weak end of the scale, 
where virtually no bonding is visible. Le. Roux has stated that, 
where visible, bonds are of two types
11 - soit des cristaux bien formes lies entre eiix
par interpenetration
soit des cristaux ayant laspect de l(bonbons suces", 
la liaison se faisant alors par 1 *intermediate 
d*un pont de Ca C03 de 0.1 ou 0.2 micron"
2.2.9 Ultrasonic Velocity
Since the .ultrasonic velocity of intact rock is generally related 
to it modulus of elasticity, it would appear to bea-promising guide 
to the strength, density and void ratio of chalk.
A number of measurements have been made, some early values being 
reported by Malcor (1960) in connection with the Channel Tunnel 
Investigation. Values of seismic velocity were obtained from samples 
in the laboratory, by the use of explosives and boreholes, from 
seismic refraction on the outcrop near Dover, and from seismic 
reflexion (sparker) survey results at sea. The results are shown 
below:-
Stratum On the 
outcrop
Velocity (m/s)
In the On 
borehole Samples
On the sparker 
profile
Senonian — 800 , - 750-900
1600 1900-2200 1300-1450
2200 2050-2150 1750-2000
2900 2300-2550
Upper 1850 2500 1800-2400 2300-2550
Turonian 2750
Lower 1850-2200 2500 1300-2200 2750-2900
- Upper 1250-1350 2500 1450-1750
Cenomanian 2800 2500-2750 2500-2900
Lower 1800-2000 2100
Similar work was also carried out on the French part of the project, 
and ultrasonic velocity is reported to have been used for the 
determination of modulus of elasticity of chalk cores baaed on the 
equation -
The results of the French tests, also reported in Maleor (I960) are 
similar to those of the English tests, and in particular gave 
laboratory velocities for the chalk of -
1920 - 2200 m/s Upper Chalk.
Subsequently Masson (1973) reported values of laboratory velocity for 
13 French dry chalks. These results are much more useful because 
they are quoted in conjunction with several other properties.
Massons values are as follows, in stratigraphical order, each value 
being the average of 60 measurements. '
Site Stratigraphical position Velocity(m/s)
Saint-Cloud Upper Campanian 2091
Incarville Lower Campanian 2144
Pacy-sur-Eure Upper Santonian 2111
Feuilleres Middle Santonian 2800
1300 - 2740 m/s 
1780 - 2270 ra/s
Gault and zone of S.varians (approx.)
Zones of H.subglobosus and Middle 
chalk (approx.)
(Dolomitised)
RN1 (Le Catouillage)
Rouvray
Maiincourt
Morval
Sauquevilie
Serain
Trith St. Leger
Middle-Upper Coniacian 
Middle Coniacian 
Middle Coniacian 
Middle Coniacian 
Lower Coniacian 
Upper Turonian 
Upper Turonian 
Turonian 
Unknown
2130
2246
2450
2470
1963
2545
1560
2648
2480
Belbeuf
Combles
These results are in general agreement with those reported by 
Malcor, and indicate that stratigraphical division is not likely 
to be possible on the basis of velocity.
Correlation of these results with dry density indicate only a 
trend of increasing velocity with dry density, once again 
demonstrating the inability of density and void ratio determinations 
to accurately predict the mechanical behaviour of rock chalk. In 
particular, it would seem likely that the ultrasonic velocity would 
be related to void ratio, degree of "bridging" and quantity of 
"bridging" of the chalk, and that density is not well suited to 
judging the last two quantities.
Results from Masson (1973) 
a  Tallon (1975)
(m/s)
I Correlation Coefficient = 0 .8 5
2 5 0 0
2000
f.50  1.60 1.70 1.80
Dry Density (M g/m 3)
ULTRASONIC VELOCITY AS A FUNCTION OF DRY DENSITY
(From  Masson (1973) and Tallon (1 9 7 5 ))
Fig:- 2-2-9^l
2.2.10 Strength
Values of the strength of intact chalk are reported by a number 
of authors, including Masson (1973) and Carter and Mallard (1974).
In addition, Burland and Lord (1970) have determined modulus of 
elasticity and Poisson*s ratio values.
Masson (1973) reports the results of unconfined compressive strength 
tests on both saturated and oven dry specimens of intact chalk.
It is clear from his results that although oven drying chalk leads 
to very much higher strength, the majority of this effect occurs near 
the zero saturation point, where the curve of unconfined compression 
versus degree of saturation "presente une pente particulierement 
forte". Massonrs values for unconfined compressive strength are 
as follows:
Site
Saint-Cloud 
Incarville 
Pacy-sur-Eure 
Feuilleres 
RNl
(Le Catouillage)
Rouvray 
Malincourt 
Morval 
Sauqueville 
Serain
Trith St. Leger 
Belbeuf 
Combles
These results should be treated with caution since they are based 
only on a small number of tests. Masson has carried out 
statistical analysis on the results for Saint-Cloud (which were 
presumably the most numerous) and quotes a standard deviation of 
t 232 kN/m2.
Unconfined 
Stratigraphical Comp.
Position Strength(Rc) Rc dry
Saturated Rc Sat.
kN/m2
Upper Campanian 1230 ~
Lower Campanian 1970 4.0
Upper Santonian 2160 4.8
Middle Santonian 7800 2.8
Middle-Upper Coniacian 1800 -
Middle Coniacian 3370 3.2
Middle Coniacian 2800 3.3
Middle Coniacian 3980 3.6
Lower Coniacian 1340 3.7
Upper Turonian 3200 4.7
Upper Turonian 4000 -
Turonian 9170 2.9
Unknown 3930 3.5
This represents 18.9% of the mean unconfined compressive strength, 
as compared with 5.6% for the ultrasonic velocity values, 1.5% for 
the dry density values, and 4.5% for the moisture content values, 
The standard deviations for the six chalks were as follows
Standard Deviation on each Site
Ave
Std.
Dev.
Type of 
Test
Pacy 
-s - 
Eure
Sauque-
ville
Incar- 
ville
Rouv-
ray
Bel-
beuf
Saint-
Cloud
Moisture
content(%) 1.09 3.19 1.48 0.88 1.92 1.16 1.62
D ry Density 
(Mg/m3) 0.07 0.08 0.05 0.05 0.10 0.024 0.062
Ultrasonic 
velocity(m/s) 157 191 170 70 143 122 142
Unconfined 
compressive(kN/m^) - ,• - - - - 232 232
Standard deviation values are only of use when examined in the light 
of the possible range of values found in chalk -
Xy.pe._9-f. Jlfist.
Moisture
content
(%)
Dry
Density
(Mg/m3)
Ultrasonic
velocity
(m/s)
Unconfined 
comp.strength 
(kN/m^)
Av,Standard 
Deviation (cr) 1.62 0.062. 142 232
Estimated range 
for alT Chalk 9-33 1.34-2.15 1300-2800 1230-9170
a as % of range y 6.8 7.7 9.5 2.9
cr as % of max. 4.9 2.9 5.1 2.5
a as % of min. 18.0 4.6
L
10.9 18.9
From Masson*s results it would appear that dry density is the best class­
ification test, since his standard deviations are small relative to the 
possible range of values,and both the maximum and minimum values. However,
it should be remembered that the standard deviation probably 
partly represents the variability of chalk at any one location, 
since the Vickers Hardness tests in section 2.2.4 clearly show 
the non-homogeneity of chalks on a small scale.
Masson has suggested that the relationship between the saturated 
unconfined compressive strength and that in the oven dry state is not 
random. It might be expected that there would be a trend of 
increasing sensitivity to water with decreasing strength and density, 
but the effect is not easily seen, except in the case of the very dense 
samples from Feuilleres and Belbeuf.
Carter and Mallard (1974) have studied the trends of strength in the 
Chalk of England by the use of indirect tensile strength tests on 
lOOgm samples of chalk. The samples were between 38 and 45mm high.
On-the assumption that for a roughly spherical sample -
Pc
op -  0 .9  - j j
where Pc =* maximum compressive load
d = separation of crushing plates at failure
(Hiramatsu and Oka (1966))the tensile strengths shown in Figure 2.2.10/1
were obtained. As can be seen the tensile strengths of the chalks
2 - 
tested vary from about 300 to 2300 kN/m in the saturated state,
as compared with unconfined compressive strengths of 1300-9200
kN/m^ reported by Masson (1973), which are about 4 times as large.
Carter and Mallard also tested samples in the dry state and have 
found that generally the dry tensile strength is approximately O, 
double the saturated value. Meigh and Early (1957) have also 
reported strength increases in unconfined compression of between 2 
to 3 times upon drying chalk, and these values are in surprising 
disagreement with those of Masson. Meigh and Early (1957) also 
show compressive strength values of between 3500 and about 5700 kN/m 
for the Micraster cortestudinarium chalk from Couisdon, Surrey, as
compared with an average value of about 3700 kN/m^ for cases from 
Tilbury. The samples from Coulsdon were tested with cell pressure 
up to 7000 kN/ra^ , while those from Tilbury were tested unconfined.
Hutchinson (1971) has reported strength tests on the chalk of Joss
Bay, Isle of Thanet. Block samples obtained from the zone of
Micraster coranguinum ware tested in direct shear in the shear box.
Samples were tested slowly to allow drainage. Peak shear strengths
2
obtained varied from between 200 and 400 kN/m . These tests 
indicate very much’lower strengths for chalk in the direction of 
bedding, since 38mm k 76mra drained triaxial tests carried out on 
the same chalk indicate very much larger strengths, of the order of 
600-1000 kN/m , which are more compatible with the values reported 
by other authors. However, it should be remembered that the density 
of the chalk tested was lower than that of other authors, with a 
dry density of 1.47 Mg/m .
Masson^ results indicate that saturated unconfined compressive 
strength is related to density, as might be expected. However, 
the scatter of results is quite large, and indicates that density 
may not always be a good guide to strength (Figure 2.2.10/2).
More sophisticated compression tests on chalk are reported by 
Hudson and Morgan (1975) for core samples obtained from the 
Cenomanian beneath the English Channel during the Channel Tunnel 
Site Investigation. Complete stress-strain curves were obtained 
for samples of Grey Chalk, Chalk Marl and Glauconitic Marl by using 
a cBosed-loop programable testing machine to give constant strain as 
measured by displacement transducers. The stress-strain curves are 
shown in Figure 2.2.10/3.It can be seen that the unconfined compressive 
strength varies considerably even within the relatively small 
lithological units tested.
The.authors attempt to correlate modulus'of elasticity, strength and 
brittleness (expressed as the ratio of the area under the pre-failure 
compression curve to the total area under the compression curve in a 
true constant strain test) against calcium carbonate content and 
moisture content, and also to correlate strength against modulus of
elasticity for chalk from the Cenomanian Glauconitic Marl, Chalk 
Marl and Grey Chalk. Of the 21 correlation coefficients 
calculated, only 5 were above the level of 0.77 considered by 
Judd (1971) to denote reasonable correlation. These results indicate 
that good correlations can be obtained between strength and modulus 
of elasticity in the Cenomanian Chalk, and between calcium carbonate 
content, and strength and modulus of elasticity, in the Glauconitic 
Marl.
Correlation coefficients for the values of moisture content, and 
strength and modulus of elasticity in the least clayey material 
tested (the Grey Chalk) represent the worst values obtained at 
0,18 and— 0.11. It is clear that moisture content is not a good 
guide to compressive strength in thepurer chalks.
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2,3 Engineering Properties of Undisturbed.Chalk
With a few exceptions, studies of undisturbed chalk have been carried 
out in connection with the prediction or measurement of settlement 
of structures. Generally these studies are limited, largely due 
to the difficulties inherent in determining even the most simple 
information, such as stratigraphical position, moisture content, 
density, etc.," with any accuracy. Similarly, the joint patterns 
and spacing in the chalk are often difficult or expensive to 
determine.
Much of the information given by authors concerned with the 
settlement of structures is irrelevant in the study of earthworks 
and has been disregarded in the following sections.
2.3.1 Moisture Content and Density
The moisture content and density of the intact chalk rock has been 
discussed in section 2.2.1 and 2.2.3. In general it has been 
considered that these properties may vary from the insitu mass to 
the intact rock lump, due to the effects of weathering, jointing 
and transporting.
Jenner and Burfitt (1975) have stated that "it is often observed 
that grades III and IV Chalk have a moisture content nearly 10 
per cent higher than the other grades and this may be attributed to 
more free water* being, held Jn the less tightly closed joints than in 
Grades I and II Chalk and in those filled joints the infill material 
is less free draining, and hence wetter then in Grades V and VI 
Chalk". Even if the joints were flooded with water, it would not 
be possible to transport samples in this state to the laboratory for 
testing. Further, because of the high void ratio of the undisturbed 
chalk, remoulding usually leads Id  a  decrease of moisture content 
under the self-weight of the chalk. This effect has been observed 
when hillwash is sampled and a typical case has been recorded by 
Cassel (1953) who carried out separate moisture content determinations 
on both the soft matrix and hard intact chalks lumps and noted that 
"the water content of the hard lumps was actually higher than that 
of the matrix".
It is generally observed that the moisture content of insitu (but 
weathered) chalk is close to the rock moisture content. Jenner 
and Burfitt report the'analysis of a large number of test results 
carried out as part of routine site investigation in the Upper 
Chalk showing that the average moisture varies from 90 to 95% of 
the intact rock moisture content. This is a surprisingly high ■ 
result when it is considered that it is virtually impossible to 
seal Ul00 samples of chalk, and that the remoulding during sampling 
commonly leads to water draining from the chalk while in store.
The effects of weathering and similar processes on density are 
rather more pronounced, since chalk fissures can commonly be observed 
as open to 15mm in some grades of Chalk (typically Grades IV and III) 
and this openess appears related to groundwater flow since rounded 
and subrounded chalk pebbles may be observed in these fissures.
Thus insitu mass densities in the better grades of chalk encountered 
during earthworks must be expected to have lox^ er densities than those 
of Grades V and VI chalk, and lower mass densities then will be 
determined from intact rock lumps. This effect is further 
aggravated by the common method of determining density from UlOO samples 
since this method results in severe remoulding leading to loss of 
pore water and an increase in density around the periphery of the 
sample. This fact is readily established when densities determined 
from UlOO samples and from insitu methods are compared. , Jenner and
Burfitt have reported the average values as determined by UlOO samples
and sand replacement density tests as being 1.58 Mg/m^ +*. 0.09 llg/n? 
and 1,26 Mg/m^ - 0.18 Mg/m^, but it is likely that the sand 
replacement densities have underestimated the mass density, and 
Jenner and Burfitt have suggested that this is due to open fissures.
In conclusion, it appears that innaccuracies in testing methods make 
the acquisition of suitable data almost impossible during routine 
site investigation. It appears that the mass moisture content can 
be obtained with reasonable accuracy from small samples of intact 
rock, but that very large pits are necessary to estimate the insitu 
density, expecially in the better grades of Chalk where jointing
and fissuring are open and widely spaced.
2,3,2, Strength
The tensile strength, compressive strength and modulus of elasticity 
values of the intact chalk have been discussed in section 2 .2 ,1 0,
It is proposed to here deal with strength as described in soil 
mechanics terms.
The most common method of obtaining chalk samples for tests is from 
the UlOO sampler, and as discussed in a previous section samples 
are likely to be highly disturbed and if obtained from less 
weathered chalk will probably not be saturated.
Undrained triaxial shear strength values largely depend on:-
(a) the degree of saturation of the chalk samples
(b) the intensity and direction of fractures within the 
sample.
(c) the amount of remoulding during sampling.
It appears likely that the intact rock strength is of only minor 
importance to the result of such tests, and it is doubtful that 
undrained triaxial compression tests are of any significance in 
engineering computation. Typical values have been given for the 
chalk from Welford-Thead# section of the M4 Motorway in Berkshire by 
Lake and Simons (1970), samples being 100mm diameter.
BH DEPTH (m) m/c % rd(Mg/m3) Cu(kN/m2) E(kN/m2) SPT.
*N*
value
RO/1 6.6 27 1.42 296 124 14
12.3 29 1.42 331 225 19
RO/3 7.4 40 1.28 124 40 19
BO/13 4.5 28 1.39 289 514 9
BO/14 3.6 32 1.31 145 122 5
BO/15 2.1 37 1.28 152 140 8
5.1 32 1.26 179 72 9
11.1 29 1.33 248 302 12
As Lake and Simons point out, no correlations between undrained 
shear strength or deformation modulus and the standard penetration 
fNf value are indicated. Correlations between depth and undrained 
shear strength are poor, perhaps indicating an increase of strength 
with depth, (Figure 2.3.2/1)This would be expected if the fracture 
spacing increases with depth, since it has been shown that for
fissured clays the ratio of sample size to fissure spacing has a
considerable effect on the measured strength (for example see 
Agarwal (1967)), and since Hoek and Brayfs model for rock strength 
indicates that joint orientation has a critical effect. Thusj it 
appears that the more weathered grades of chalk may generally 
exhibit lower shear strengths because they have more putty chalk
infill, and greater frequency of fracture.
Depth
12m -
Cu (kN /m 2 )
100 200 3 0 0
I
Depth correct
Cu correct
Correlation Coefficient = 0 .5 5
UNDRAINED 102mm dia. TRIAXIAL SHEAR 
STRENGTH OF CHALK VERSUS DEPTH
(From Lake a  Simons (1 9 7 0 ))
Fig:- 2 -3 -2 / I
2,3.3. Compressibility
Many attempts have been made to assess the compressibility 
characteristics of intact chalk, for example by Ward, Burland 
and Gallois (1968), Wakeling (1966, 1970, 1974), Burland and 
Lord (1970), Lake and Simons (1970, 1974), Kee and Clapham 
(1971), Kee (1974) and Burland, Kee and Burford (1974).
Generally these authors have attempted to assign compressibility 
modulus values to chalk by back-analysis of monitored loads, and 
have then compared these compressibility values with other measured 
parameters, such as Standard Penetration 'N1, value, laboratory 
modulus of elasticity and visual weathering grade.
Hobbs (1974) has pointed out that the compressibility of rock in the 
mass is dominated by the behaviour and frequency of its fractures, 
and it therefore appears that the most expensive and time consuming 
approach, that of visually assessing the fractures and bedding in 
insitu chalk, is probably the only satisfactory method of assessing 
compressibility in most grades of chalks.
A visual classification system has been developed by Ward, Burland 
and Gallois (1968) for the middle chalk at a proposed site for the 
CERN proton accelerator at Mundford, Norfolk. The system was 
developed based on the belief that the deformation properties of chalk 
depend primarily on its hardness, the spacing and orientation of 
joints and the tightness of joints. It was found convenient to 
divide the chalk into five grades as follows
Grave V Structureless melange. Unweathered and partially-
weathered angular chalk blocks and fragments set in a 
matrix of deeply weathered remoulded chalk. Bedding 
and jointing absent.
Grade IV Friable to rubbly chalk. Unweathered or partially
weathered chalk with bedding and jointing present.
Joints and small fractures closely spaced, ranging from 
lcm apart to about 6cm apart. Joints commonly open up 
to 2cm and infilled with weathered debris and small 
unweathered chalk fragments.
Grade III Rubbly torblocky chalk.- Unweathered medium to hard chalk
with joints 6 to 20cm apart. Joints open up to ^ cm
sometimes with secondary staining and fragmentary 
infillings.
Grade II Kedium-hard chalk with widely spaced closed joints.
Joints more than 20cm apart. When dug out for
examination purposes this material does not pull away along 
the joint faces, but fractures irregularly. Most of 
the chalk of the lata and planus Zones where unweathered 
and unfractured falls within this grade.
Grade I Hard brittle chalk with widely spaced, closed joints.
Details as for Grade II, but here the chalk is harder
Rock beds such as the Chalk Rock, the Top Rock and other
partially recrystallized beds together with tougher shell- 
rich beds where secondary iron cementation has hardened the
material, all fall'within this grade.
Subsequently, as the result of an investigation in Hampshire,
Wakeling (1970) has suggested the addition of a further grade to 
describe soft deposits of transported (soliflucted?) chalks as 
follows:
Grade VI Extremely soft structureless chalk containing small lumps
of intact chalk.
These arbitrary divisionsare based not only on the effects of
weathering, but also include factors which may be influenced by
water flow (i.e. the openness of fissures), folding and faulting
(i.e. the fracture spacing), and diagenisis and composition (i.e.
the hardness) which may also be related to stratigraphical and 
geographical location.
Although correlations between modulus of compressibility and the 
grade of intact chalk are outside the range of this work, the 
visual classification proposed by Ward, Burland and Gallois is 
of importance in earthworks, since it will be shown that most white
chalk becomes an unmanagable slurry when reduced to fines at its 
rock moisture content. It may therefore be important to assess 
the grading of material in cutting areas before the start of 
excavation.
However, it is certain that some easier and cheaper method of 
determining the weathered state of insitu chalk would be desirable. 
With this in mind, various authors have examined the relationship 
between Standard Penetration Test *N* value and weathered grade 
or compressiblity for chalk.
Wakeling (1970) reports the results of correlation between visaul 
grade and SPT*N' value for the Mundford site and for sites at 
Northfleet, Kent and in Hampshire.
The majority of the results were obtained from the Mundford site 
which gave the following results: -
No.of tests Mean fN f Value Range
6 15 13-18
6 20 14-26
11 24 16-33
17 28 20-40
11 39 ' 31-48
These results clearly indicate that at Mundford it is possible to 
tentatively classify chalk from results of the SPT test, but on 
sites of more varied stratigraphy the use of the SPT test even within 
one site can be dangerous. This fact is illustrated by the results 
presented by Dennehy (1975) which show the extremely large scatter 
of results in any one weathering grade of the Upper Chalk.
(Figure 2,3.3/1)It will be shown that these variations may be 
attributed to differences in flint content and rock density, and 
that these factors may have an over-riding effect on the results of 
penetration tests.
In view of the number of factors affecting the standard penetration 
test result it appears inadvisable to use the results for standard 
design. Despite this, many attempts have been made to correlate
Chalk Grade 
V 
IV  
I I I  
I I  
I
SPT fN' value with modulus of compressibility for chalk. The 
proposed lines cover a wide range (Figure 2.3.3/2).and .lend -support 
to the idea that the penetration test is not a good general guide to 
compressibility.
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FREQUENCY OF SPT 'N1 VALUES AGAINST 
OBSERVED CHALK GRADE (from Dennehy (1975)).
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RELATIONSHIP BETWEEN ELASTIC MODULUS 
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2,3.4 Permeability
Despite the low permeability of solid challc, which is reported 
by Higginbottom (1966) as typically .between 10~^ and lo”6 cm£ec 
and by Lewis and Croney (1966) as 2.5 x 10"6 cm/sec for soft chalk
—f i  i '
(sat. m/c =* 26%) compared with 0.5 x 10~6ra/sec for hard chalk 
(sat.m/c = 10%), the jointed character of the chalk mass results in 
a relatively high mass permeability. Published figures of 
transmissibiiity indicate that joints become opened by solution 
and lead to mass permeabilities of the order of 10^ to 10^ times 
greater than the solid chalk value in the white chalk.
Higginbottom has stated that ’’despite their often profuse yield, 
the fissures are fed largely by slow seepage from their extensive 
boundaries of solid chalk, rather than by direct inflow of surface 
water”. On the otherhand Atkinson and Smith (1974) report the 
result of a dye tracing experiment near Portsmouth where ground water 
was observed to travel 5.75km in 62.5 hours. This apparent high 
permeability may have been associated with the Portsdown anticline, 
since Ineson (1962) has found thatvariationsin transmissibiiity are 
related to topography and geological structure. In particular, 
anticline folding and valleys have been connected with high permeability 
while faulting and synclinal folding have been associated with areas 
of low permeability.
In contrast the basal members of the chalk retain their impermeable 
nature and are devoid of waterbearing fissures. It has been 
suggested that these cannot remain open because of increased plasticity 
as a result of the relatively high clay content, but it appears 
probable that the clay content simply makes the lower chalk less 
soluble. Grange and Muir'Wood (1970) report the results of pumping- 
in tests as part of the site investigations for a Channel Tunnel, 
which are given below:
Approx. mean value of 
Description _______ ________  insitu permeability cm/s
Middle Chalk
Lower Chalk
White chalk 
Grey chalk above C 
Grey chalk below C 
Chalk inert above D 
Chalk inert below D 
Glauconitic Marl
1 0  " 2 -  1 0  “ 3
l O - 3 -  1 0 " 4
1 0 “ 3 -  1 0 * 4
1 0 - 3 -  1 0 * * 5
i ' o - 4
vO10»H1
Note: Point C is the level of 80% calcimetry
Point D is the level of 70% calcimetry
These values confirm the values reported by Higginbottom, and show, 
that the mass permeability of the S.varians zone may be about 100 
times smaller than for white chalk zones.
2.4 Engineering properties and behaviour during a.nd after remoulding 
Many factors affect the performance of chalk fill in embankments, 
as will be seen in a later section. However, all these factors are 
associated with three basic properties required from all fills, 
namely: -
(a) Traffickability
Plant 'carrying fill to the embankment will normally 
need to traffic the upper surface of the fill and this 
should therefore be capable of providing sufficient bearing 
capacity during the construction period.
(b) Stability
The fill material should form a stable embankment both in 
the long and short term.
(c) Self-settlement
Excessive self-settlement during the working life of the 
road will lead to high maintenance costs because of the 
requirements of riding quality.
Each of these properties in turn is dependant upon a variety of 
engineering parameters, such as:
(i) Embankment geometry
(ii).~ Irisitu particle size distribution before excavation
(iii) Method of excavation, transportation, placing and compaction
(iv) Weather conditions during construction
(v) Remoulded undrained shear strength of the fill
(vi) Permeability and coefficient of consolidation of the fill
(vii) Effective strength parameters of the remoulded chalk.
(viii)Compressibility of the fill
(ix) Chalk fragility.
This section reviews published information on these properties.
2,4.1 Atterberg Limits
As Dennehy (1975) has shown, it is possible to deduce the undrained 
remoulded shear strength of a typical British Clay from a knowledge
of its moisture content and its liquid limit. It could therefore
be important to examine the variability of the plasticity limits
for chalk, since its remarkable purity over much of its deposit 
might lead to fairly constant values.
With certain minor exceptions (for example the plenus marls and 
the thin marls such as reported by Ward, Burland and Gallois (1963) 
in the T.lata zone). Chalk contains no appreciable clay except 
in the Cenomanian part of the deposit. Therefore, as Puig (1973) 
has pointed out, the Atterburg limits of the white chalk depend solely 
on the particle size distribution of'the material.
Typical results have been given by Struillou (1973) for white chalk 
as -
LL » 27%
PL = 21%
PI » 6%
who has proposed thatsince the plastic limit of chalk is very 
difficult to obtain with accuracy it should be obtained from the 
relationship -
The following results have been reported and all liquid limit values 
are believed to have been obtained by the Casagrande method (B.S.1377 
(1975) test No. 2 b)
LL% PL% PI%
Cassell (1953) Case RM 20-34 27-29 2-5
Case N 29 25 4
G.Wilson (1948)Carrow Wks 
Norwich 27-28 21-24 4-6
Hutchinson (1971)
M. Coranguinum 31 23 8
LL% PL% PI%
Struillou(1973)
Sevres Meudon 29 L
Belbeuf 28 - • -
Sauqueville 24 -
Pacy-s-Eure 30 - -
Incarville 25 - -
De Raguenel(1973)
Va i-Guyon 21-29 16-21 5-11
It is apparent that the Liquid Limit of white chalk ranges from 
about 24-34%, and the plasticity index is normally about 4-8%.
Struillou points out that the results obtained are a function of 
the preparation of the sample, and describes an elaborate procedure 
to obtain fines for the liquid limit test based on the use of 
a laboratory disc mill. However according to Struillou, provided 
the saturated moisture content of any chalk particles remaining 
uncrushed is greater than the liquid and plastic limits then 
grinding should have only a small influence on the limits.
2.4.2. Remoulded Strength
Few values of remoulded strength have been found from the present 
review of literature.
Undrained strength values are reported by Puig, (1973), and 
indirectly by Struillou (1973) who states that for complete 
reduction of the chalk to fines the critical moisture content (for 
traffickability) is approximately equal to the plastic limit.
It therefore follows that a completely remoulded chalk at a moisture 
content equal to the plastic limit has an undrained shear strength of 
about 50 kN/m^.
Puig (1973) has carried out a series of particularly relevant tests 
on remoulded chalk. Firstly he has studied the CBR values of chalk, 
initially broken down to pass the 20mm sieve, under repeated compaction. 
Figure 2.-4.2/1 shows. typical results for the chalk from Pacy-sur-Eure. 
At low moisture content (18-20%) the reduction of CBR with repeated 
compaction is not rapid, but at high moisture content(22-25%) the 
CBR value drops rapidly to values incompatible with traffickability.
It has been shown (Cornforth and Debreczeny (1972)) that the
typical formation CBR values (3-5%) quoted in Road Note 29 roughly
2
corresponds to a remoulded shear strength of 50 kN/m for clays.
This agrees with the conversion proposed by Wilson and Williams 
(1950) that -
CBR (%) =
where qu = ultimate bearing capacity.
Accepting the criterion of Dennehy (1975) that a shear strength of 
40-60kN/m^ is required to traffic plant, this would correspond 
to a CBR limit of 3.4 - 5.1%, taking the bearing capacity factor,
Nc, as 6 . In slight contrast to these values, Puig (1973) sets 
the limiting value of traffickability as 10%. In practice this 
makes little difference because the rate of decrease of strength with 
increasing moisture content is very rapid at this strength.
Other tests carried out by Puig (1973) include a set of CBR 
determinations on mixes of sand, gravel and chalk fines at different 
moisture contents. Samples consisting of equal parts of flint 
gravel (5-20mm) and rounded and washed sand (0.5-5mm) were mixed 
with different proportions of chalk fines, and were compacted and 
tested for CBR value at different moisture contents. Figure 2.4,2/2 
I. shows the results obtained for Feuilleres and Combles Chalk. 
When the percentage of chalk fines is low(10%) the chalk acts as 
a binder and CBR values are very high ( 857») at moisture contents 
as high as 25%. However, once 20% of chalk fines are added to the 
sand and gravel the mass behaves sensibly as if it were composed 
entirely of ehalk fines. The CBR values then drop to less than 
10% at moisture contents of 13-17%.
CBR values for remoulded chalk are also reported by Kanellakopoulos 
(1974). The material was oven dried and broken down to obtain the 
grading shown in Figure 2.4.2/3.The material was in the size range 
0.1 to 20mm and has a coefficient uniformity of 9.6. Tests shewed 
that this chalk had a very high CBR value after B.S. Heavy compaction
provided its moisture content was less than about 19%. From 
4% to about 18% moisture the CBR values increase almost linearly 
from 60% to 180%, but above this limit they dropped to less 
than 0.1% at 21 and 22%. Unfortunately the moisture content 
at which this dramatic decrease in strength occurs was not related 
to the Atterberg limits.of the chalk.
From these results it is obvious that the "quick11 strength of re­
moulded chalk is a complex matter depending on the moisture 
content/strength relationship of the chalk fines, the degree of 
saturation, the grading of the chalk, and perhaps other factors.
The evolving particle size distribution of the chalk during 
excavation, transportation and compaction is therefore of supreme 
importance in the prediction of traffickability in the fill area.
Strength results are given by Lewis and Croney (1966) for chalk 
from Buckle By-Pass in East Sussex. However, it is not clear
whether the results are for total or effective stress. The results
for chalk crushed down to finer than (10mm) at a moisture
content of 26% give -
c' = 25 lb/in2 (= 175 kN/m2)
0' = 38°
but these values are claimed to be for undrained triaxial tests.
Effective Strength parameters are reported by Jenner and Burfitt (1S75) 
as commonly being in the range -
c* = 0-30 kN/m2 
0* 30-35°
with apparently some "unpublished evidence to suggest that c f 
increases with time"
These values are confirmed by those reported by de Raguenel (1973) 
for the Val Guyon embankment chalk. Drained triaxial tests were
3carried out on samples recompacted to a dry density of 1.57 Mg/m 
which gave -
.0 r< c 1 <T 10 kN/ra2 
31.-5° <  0 ’ <  34.5°
Tests on "Undisturbed" samples taken from the fill by 78 or 100mm 
thinwall open drive sampler gave values of -
0 <  c* <  20 kN/m2 
32° 0 <  38°
No mention of the energy correction necessary because of the rate 
of volume change at failure is made, and since all chalk dilates 
at failure these values are presumed to be on the high side.
Drained shear box test reported by Kanellakopoulos (1974) generally 
give effective strength parameters in the same range, giving —
c' —  1.1 - 28.2 kN/m2 
0 = 29.1 - 38.7°
Two types of material were used. Firstly the chalk was prepared 
as discussed above, with particles of up to 20mm before compaction.
A second group of experiments was : carried out on dried chalk which 
was broken down to pass the No. 7 sieve and then slurried with 
40% water, dried, broken down and compacted. This second group 
of tests were therefoie carried out*on chalk containing fewer and 
much smaller intact chalk lumps.
The results shown in Figure 2.4.2/4 indicate that although the effect of 
initial moisture content is obscure, reducing the particle size 
results in lower values of effective strength parameters, as below:-
2
0r20mm material 8.9,^:c,<  28.2 kN/m
35.4°<c0f<38.7O
2
Slurried material 1.1<c* <  9.1 kN/m
29.1^0'«= 33.8°
Toms (1966) reports that Southern Region railway embankments of 
chalk have slopes "generally of the order of 34° to 37° which is 
the natural angle of repose of the tipped broken material. On 
these slopes vegetation grows permanently and there is little 
evidence of disruption by frost. The Author (Toms) is not aware 
of any bodily instability of chalk banks...." Safe slope angles 
of 34 - 37° imply minimum effective strength parameters
c 1 » 0 kN/m2
0* •* 34-37°
for a factor of safety of unity.
Such wide agreement on the effective strength parameters of re­
moulded chalk implies that all the variables, with the possible 
exception of clay content, have little effect on the strength and 
that embankments constructed as steep as 1 on 1% (33.7°) will 
almost certainly be stable in the long term.
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2.4.3.Compressibility of Remoulded Chalk
The compressibility of remoulded chalk is problematical, in a 
similar way to its shear strength, because the material can act 
in a number of different ways. Firstly, when fragmentation is 
limited it can behave basically as a rockfill, and compressibility 
will then occur as a result of crushing of point contacts. Secondly, 
when fragmentation is high the fill can act more as a soil, where 
compression occurs as a result of the expulsion of water from the 
pores and any uncrushed fragments help to reduce the compressibility.
There is no doubt that chalk can be highly compressible, as 
illustrated by Reina (1975). However, an appreciation of the exact 
magnitude of compressibility in the field is difficult because 
generally the majority of compression occurs very rapidly.
Lewis (1947) reports the results of settlement measurements on three 
embankments constructed solely of chalk, at Mickleham, Winchester 
and Leatherhead. These case histories are incomplete because, as 
Lewis points out, -
a) it was not possible to measure the density of fill during 
construction
b) the interior settlements of the embankments were not separated 
from those which may have occurred in the foundations, since the 
settlement was measured'frcm surface monuments.
c) no record was kept of the settlements occurring during the 
embankment construction. The settlement observations were not 
commenced until the concrete road slab had been laid, which at 
some sites was as much as two years after the completion of 
earthworks. In all cases considerable settlements must Jaave occurred 
prior to measurements being commenced.
Lewis concluded that,the settlements of the embankments were roughly 
proportional to the height of the fill, and that for lightly 
compacted chalk the recorded settlements after five to seven years 
were from 0.4% to 1.1% of the height of the fill. For better 
compacted chalk this value dropped toabout 0.2%. Bearing in mind the 
late start of measurement, almost all of this settlement is probably 
secondary or creep.
Much more coprehensive records of embankment problems are given by 
A
Pasturel (1969) and de Raguenel (1973) for the Val-Guyon Embankment. 
This embankment was constructed between May and October 1963, 
with a maximum height of 34m, side slopes of 1 on 1% and a crest 
width of 34m (Figure2.4.3/1.)Construction of. the carriageways 
took place in the spring of 1964, and no problems occurred until 
February 1966. Subsequently, further disorders appeared in 
May 1966, January-February 1967 and April 1968. The disorders 
appearing during this period took the "form of:
a) longitudinal cracking on the crest
b) self-settlement of up to 2m, at the highest point
The chalk used as fill came from three sources. The lowest 10m 
of the embankment was constructed of relatively dry chalk
3
- 2 0 ,000m of large blocks of hard chalk extracted by
explosives from Bonnieres
183,000m of scraper excavated chalk made up of relatively 
dry (moisture content <  19%) and pulverised chalk from a 
quarry near Paris.
The remainder of the fill, 305,000m^, was scraper excavated from 
Houssaye hill, to the west of the Val-Guyon embankment. This 
chalk was considered weathered and wet (with a moisture content 
in excess of 20%) and contained some veins of ochre clay.
Compaction was carried out by two 20tonne pneumatic rollers and 
one 50tonne roller. The dry densities obtained were between 
1.55 and 1.61 Mg/m^ with very variable moisture contents, between 
16 and 22%.
The cause of these problems could have been either -
a) lack of stability as a result of shear failure of the 
side-slopes.
b) the development of cracks as the result of settlements due 
to wetting up the fill.
c) the development of zones undergoing significant creep
within the fill.
The fact that significant disorders did not arise until some time 
after the end of construction seems to rule out slope instability, 
and strength properties for the fill confirm that although the 
factor of safety against sliding is occasionally very low (=1.05) 
these values occur for superficial circles. Again, it was 
observed that although cracks on the carriageway opened to 5mm, 
most commonly the ”throwHwas imperceptible, perhaps indicating tensile 
rather than shear failure. *
The possibility of large self-settlement was investigated by carrying 
out isoptropic triaxial consolidation tests on specimens of the fill 
obtained from thin wall open-drive samplers. The modulus,
E, was derived from the volume compressiblity on the basis of the 
well known elasticity equation -
assuming Poissonfs ratio (\?) to be 0.33. This assumption was made 
without the evidence of testing.
The values obtained were in the following ranges:-
= G. i + & 2  + £*3 “ ^  * (1-29). ( A g^ + A G2 +
= 3. ( 1 - 2  \> ) .  A 0 3 /E
a3 (kN/2) E(MN/m2)
50 - 200 
200 - 400
10 - 25 
20 - 35 
30 - 50400 - 1000
Coefficient of consolidation (Cv) values obtained from volume 
change v. root of time plots and the equation -
Cv
where h = half the sample height
2gave values in the range 5.4 - 136m /year. On the basis of these
tests de Rageunel estimates that -
(i) the total consolidation settlement would be of the 
order of 550inm (as opposed to 2000mm observed)
(ii) based on a coefficient of consolidation (Cv) value of
2
31.5m /year, and presuming radial and vertical drainage,
100 would occur at 2 i/2.years, (i.e. before the start of 
the problems). The interpretation of this particular 
calculation is completely incorrect,since de Raguenel 
assumes that 100% consolidation occurs at tl0 0 .
Nevertheless consolidation would have been largely complete 
before the problems started.
It therefore appears that this type of consolidation compression 
could not account for the settlements experienced. However, it should 
be noted that density and moisture content values obtained by 
sampling after the problems occurred indicated that the material was 
at a state of approximately zero air voids. Values obtained during 
construction indicate between 10 and 17% air voids and a compression 
of the order of 10% would lead to settlement of 3.4m.
Experiments were also carried out to determine the creep properties
of chalk. 77mm diameter samples obtained from the fill were
subjected to stages of increasing deviator stress, at constant cell
pressure. Each stage was held constant until deformation appeared to
stop. At the creep pressure the deformations did not stop, but
accelerated towards failure. Experiments were carried out at three
2confining pressures (250, 400 and 550 kN/m ). Figure 2.4.3/2.
2
shows the vertical strain for the sample with cell pressure = 400kN/m , 
against the logarithm of time, which indicates that secondary 
compression for the samples tested is small almost until the creep 
pressure is reached. Figure 2.4.3/3 shows that the creep pressure 
is dependant on the confining pressure, as might be expected.
Two points emerge. Firstly the chalk in the Val Guyon embankment 
appears to have rarely achieved sufficiently high stress •'levels to 
cause it to undergo significant deformation, and secondly as has , 
been shown by Lovenbury (1969) and the rate of creep is itself time
dependant and would therefore probably have been occurring at 
a slow rate by the end of two years had failure not occurred.
Elastic deformation analysis carried out by the finite element method
for the Val-Guyon embankment seems of little relevance. The results
depend on the value of Poisson's ratio to such an extent that de
Raguenel's choice of 0,499 seems to make them invalid. However,
Figure 2 . 4 . shows the variation of. calculated settlement at the
centre of the carriageway with assumed poisson's ratio (\)) and it
is interesting to note the large effect. If \? changes from 0.499
to 0.1 calculated settlement increase by a factor of 3, up to about
2110cm if Young's-modulus is taken as 10 MN/m (and independent of 
load range).
De Raguenel concludes that the Val-Guyon embankment suffered from 
problems because it was largely composed of chalk with a low 
rock density, and high moisture content. This conclusion appears 
unacceptable, since this material was described as "le plus souvent 
pateuse". Material in this state compacts easily and does not 
behave generally as a rock fill because the fines created, especially 
by scrapers, allow air voids to be reduced generally to the order of 
5% or less (For example see Parsons (1967)). Wetting up such a 
material is difficult, and would be expected to have little effect. 
It is more;, probable that the loss of air voids recorded occurred 
as a result of the compression of the basal part of the embankment 
as a result of wetting up. This process of settlement occurs as 
the contact points between intact lumps of chalk crush down as a 
result of the reduced effective stress, and it particularly important 
in dry rock fill.
Self-settlement of rockfill can be avoided by obtaining a high 
density during placing and compaction of the fill. In normal 
rock fills this is ensured by using high compactive effort to 
make the rock break down to a well-graded material which can then be 
effectively brought to low air voids. The reduction of subsequent 
.self-settlement can also be helped by soaking the rock during 
compaction.
The lowest part of the Val-Guyon embankment was composed of an 
exceptionally strong and dry chalk, whichcould even be excavated with
the use of explosives. It had a high percentage of air voids after 
compaction, as might be expected since it was compacted with 
pneumatic rollers. As de Raguenei concludes, it is important to 
assist breakdown of the chalk during extraction and placing in order 
to avoid the phenomenon of later densification. Having failed to 
do so, it is important to avoid all percolation of water into the 
fill after construction, by excluding all drains from the central 
reservation and carrying out total sealing of the surface of 
the fill. This exclusion of water from a fill is virtually 
impossible and the solution therefore lies in reducing the air voids 
to an acceptable level during compaction.
Laboratory studies have been carried out on remoulded chalk by 
Blivet and Gestin (1974) to determine the Poisson's ratio values 
which were needed for the computer calculations reported by de 
Raguenei. Two types of test were carried out:- the first 
measured lateral stressess on a cylindrical sample under zero lateral 
strain, and the second measured lateral deformations on a specimen 
under constant lateral stress. The material used came from 
Sauqueville, near Dieppe, and had a block dry density of l,53Mg/m^. In 
the first series of tests the chalk was compacted straight into the 
apparatus (Cl) for one test, and received two and three compactions 
before being compacted in the apparatus for a further two tests.
(C2, C3).
The zero lateral yield tests provide interesting data on the chalk 
compressibility under oedometer conditions,since vertical compression 
was also recorded. Figure 2.43/6 shows the results obtained. It 
is clear that increased compaction yields an increasingly compressible 
fill, as a result of the reduction of particle size (Figure 2.4.3/5)
It is interesting to note that dry density was increased progressively 
from states Cl to C3, rising from 1.53Mg/m^ to 1.63Mg/m^ as a result 
of a decrease of moisture content. Under these conditions it would 
be excusable to expect a decrease in compressibility.
The increase in compressibility observed by Blivet and Gestin is not
.trivial, in compaction state Cl the height change upon loading to 
2
613kN/m is about 3%%. In state C3 this value rises to 10%.
Although the compression is less for lower stress levels, the 
vast majority of the compression occurs in the range 0-200kN/m2.
For example, in compaction state Cl, the height change upon loading 
to 300 kN/m^ Is about 2.4% as compared with 3,5% above, and in 
state C3 this value rises to 8 .6% as compared with 10% above.
One interpretation of these results is that for the particle size 
distributions of the chalk in these tests the intact lumps act as 
relatively incompressible "plums11 in the mass of chalk fines. This 
would indicate that overcompaction can be undesirable in chalk fill 
arid show that dry density is not a satisfactory method of 
specifying the end result for compacted chalk fill.
On the other hand, the high compressiblity values in tests C2 and 
C3 may have been partly due to the high percentage of air voids 
at the end of compaction in these stages, viz:-
Sample Dry Density % Air Voids
( M g / m 3 )  After compaction After saturation
Cl 1.53 7.1 4.8
C2 1.62 14.9 4.8
C3 1.62 11.9 4.4
At first sight the final state of these samples (i.e. after saturation) 
would tend to appear similar, but as stated previously sample Cl 
would be expected to be least compressible. However, it appears 
that the presence of high air voids at the end of compaction -may 
indicate a lack of bedding together of particles during the process, 
which may in turn lead to higher compressibilities.
Poisson's ratio values are difficult to obtain satisfactorily from 
the results of the tests carried out. Under "oedometer" conditions 
compaction appears to have introduced significant initial stress, as 
can be seen for curves C2 and C3 in Figure 2.4.3/7 for the lightly 
compacted sample (Cl) Poisson's ratio appears to be reasonably 
independant of stress level and to have a value of about 0.3.
The values obtained from the drained triaxial tests were based on 
the relationship between vertical and lateral strain (£]_, £ 3 ).
Vertical strains were obtained in the usual way, and lateral 
strains were measured using both an optical system and a vernier 
caliper. The two sets of results give widely different values 
for Poisson's ratio. The authors explain this by stating that two 
measurements were taken at two different levels. Due to "barrelling" 
the two sets of readings would therefore be different. This 
explanation would only partially explain the 300% difference between 
values.
Failure of the sample took place at a deviator stress of about 
370kN/m2.
Five of the six Poisson's ratio values given for the load stages not 
undergoing significant creep and showing no signs of rupture 
(i.e up to and including 258 kN/m^) indicate
V = 0.1 (by vernier caliper)
\? =* 0.27 (by optical measurement)
Other laboratory compressibility tests have been carried out on a 
remoulded chalk by Kanellakopoulos (1974). The chalk used has 
already been described in section 2.4.4 and Figure 2.4.2/3. Eight 
samples were cut from chalk specimens recompacted under B.S.Standard 
effort, and were tested in the oedometer. As might be expected, 
the presence or absence of intact lumps of chalk in the small 
specimens tested has a very large effect on the results, and no 
correlation between void ratio and coefficient of compressibility (Mv) 
can be found.
Coefficient of consolidation (Cv) results are similarly scattered,
2having a range of 6-1000 m /year. Values generally decrease as the 
load is increased on the specimen and typical values fall in the 
10-50 m^/year range. The oedometer is particularly unsuited to the 
accurate determination of rapidly consolidating soils, because of the 
_small sample height used. In addition the test results indicate 
considerable variability of the percentage air voids; samples 3 to 8 
appear to have been saturated at the start of the test, while 
samples 1 and 2 had about 16% air voids before flooding.
The test results discussed above also point out an unusual feature 
of chalk consolidation. Generally, the consolidation properties 
of a soil can be linked by the equation:-
Cv mv.TV ~ k
In clay soils, the permeability remains fairly constant, and 
decreases of coefficient of compressibility with increasing load 
are therefore accompanied by increase in the rate of consolidation. 
In chalk, however, as the load is increased both mv and Cv decrease. 
Hence consolidation must be accompanied by significant decreases 
in permeability.
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2,4.4. Fragility
The effects of crushing chalk have been known for some time, (for 
example see Parsons (1967) and Lewis and Croney (1966)) but only 
recently have efforts been made to quantify the ability of chalk 
to break down into fines as a property in its own right.
For many years attempts have been made to classify the suitability 
of chalk as fill by correlating its performance with a variety of 
properties such as moisture content and density.
Moisture content limits, for chalk suitability as fill, are quoted 
by Jenner and Burfitt (1975) and by various French authors. Jenner 
and Burfitt suggest that ,,sound,, chalk should have an average moisture 
content of not more than 26 percent, and a maximum of 32 percent, with 
an average saturation moisture content of not greater than 32%.
Masson (1973) uses a wide range of physical properties to divide 
chalk into soft, medium (mi-dure) and hard categories. Figure.2 . 4 . 4 / J L  
shows these categories and it can be seen that Masson considers 
that 1.55 Mg/m is the upper limit of dry density for soft chalk.
In addition he also classifies the chalks tested according to their 
earthworks behaviour :-
Test Behaviour in Earthworks
Very bad Bad Good to very good.
i
Moisture content % > 2 4 1 5 - 2 5 <  1 7
Dry density 
Mg/m < 1 . 5 7 1 . 5 3 - 1 . 7 0 >  1 . 6 0
Ultrasonic 
velocity m/s < 2 1 5 0 2 1 5 0 - 2 5 5 0 >  2 5 0 0
Unconfined
compressive strength 
(kN/m^) < 2 5 0 0 2 0 0 0 - 5 0 0 0 > 4 0 0 0
All of these correlations rely on the belief that earthworks problems 
are solely dependant on the type of material handled, and that 
reasonable correlations exist between different chalk properties.
The first assumption is simplistic, and the second is generally 
untrue in chalk, as Hudson and Morgan (1975) have shown, (see 
section 2.2.10).
More logical attempts at assessing the earthworks performance of 
chalk are reported in an outstanding paper by Puig (1973), and 
by Struillou (1973). Puig considers three empirical tests 
specifically adapted for chalk:- •
(i) the Deval Test
(ii) the Vibratory Crushing Test
(iii) the Repeated Compaction Test.
each of which will now be considered.
2.4.4.1 The Deval Test
In this test 44 blocks of chalk are prepared by sawing. According 
to Puig the shape of the blocks is not critical,since he reports the 
difference between cuboid blocks and blocks of 4 x 7cm size as 
insignificant except in the case of a fragile chalk from Sauqueville 
These blocks are placed in a Deval barrel and subjected to set 
numbers of revolutions. At the end of each period of attrition the 
sample is extracted, sieved to determine the percentage of fines 
produced (at 1.6mm) and the blocks are then returned to the barrel. 
In the tests reported by Puig the sieving and removal of fines from 
the sample took place after 100, 200, 300, 500, 800, 1300, 1600 and 
1800 revolutions.
Samples were tested dry and at natural moisture content, and the 
results are given in Figure 2.4.4/2. Typically attrition at ■ 
saturated moisture content results in about twice the quantity of 
fines as one produced when chalk is tested dry. Results for the 
cumulative fines after 500 revolutions with saturated chalk are 
given below and indicate that the test is able to distinguish 
different varieties of chalk, and is particularly sensitive to 
differences in weak chalks where many physical properties appear to 
be of little use.
Site % finer than 1.6mm 
accummulated after 
500 revolutions 
(saturated chalk)
Observed behaviour 
in earthworks.
Belbeuf 4.5% not used but presumed 
good.
Feuilleres ’ 5% Very good.
Combles 8% Good
Morval 10.5% Bad
Incarville 17% Some problem when 
extracted by bulldozer. 
No problems when 
extracted by face shovel.
Sauqueville 40% Severe problems. 
Very variable chalk.
Tests on thetdry chalk produce less significant differences.
The Deval test must be regarded as an empirical test since it 
cannot be interpreted except in conjunction with case histories.
The conditions under which the chalk is tested cannot be directly 
related to field conditions and are important only in that they supply 
' a controlled amount of work to the samples. In this respect the 
test is somewhat superior to the vibratory crushing test (see 2.4.4.2),
On the other hand, sample preparation for this test is extremely 
tedious, requiring the detailed preparation of the chalk. This makes 
the Deval test impractical since the natural variability of chalk 
must make limited quantities of testing very undesirable.
2.4.4.2 The Vibratory Crushing Test
The Vibratory crushing test was invented by Struillou at the 
Laboratoire Central des Ponts et Chauss&es in Paris and results 
are reported by Struillou (1973), Puig (1973) and Tallon (1975).
A brief account of the test method is given below, a complete 
description being given in section 3.4.2.
The chalk to be used is oven dried and crushed down. The samples 
to be tested are then made up to give a particle size distribution
which is a straight line between 5mm (0% passing) and 20mm (100% 
passing). Three identical samples are produced, each having a 
dry weight (in grams) of 180 x the dry density of the chalk (in Mg/m3), 
and two are immersed for one hour in water.
The dry sample is placed in a "Tenia” laboratory disc mill (Figure2.4.4/3'’ 
and crushed for 30 seconds. The crushing bowl has a iOOcc 
capacity, but is modified by the removal of both the ring and. "stone" 
supplied by the manufacturer which are replaced by a solid steel 
"stone" with a diameter of 50mm and a height of 45mm which weighs 
700g. If the lOOcc crushing bowl is not used with T100 mill, but 
is adapted to the T250 mill, then the "Stone" used should have the 
same dimensions as above but should be hollow and weigh. 300g.
After crushing the sample is sieved to determine the fines produced, 
which are defined in Struillou's paper at 1.25mm,but in Tallons 
work as at 630 jjl.
The soaking samples are removed from the water, and drained. One 
sample is then placed in the mill, and is therefore crushed at about 
its saturated moisture content. The other sample is crushed in the 
mill with an additional 250cc of water. Both samples are dried and 
subsequently sieved to find the percentage of fines produced. Figure 
2.4,4/4shows typical gradings of..chalk before and after crushing.
The percentage of fines produced by crushing are plotted against 
the "global" moisture content for each chalk. The "global" moisture 
content is the total weight of water in the crushing bowl during 
crushing, divided by the dry weight of the chalk being crushed.
Figure2.4.4/5 shows the results presented by,.Struillou (1973) for chalks 
tested with a T100 mill.
With the exception of results for Sauqueville chalk, which behaved very 
badly in use, the test appears well adapted to the prediction of 
earthworks problems. The results given by Struillou are the average 
of three tests on each chalk, and it.is certain that in very variable 
chalks, such as Sauqueville, this sampling-frequency is * inadequate.
Further, where chalk is heterogeneous on a small scale the 
weaker material tends to be destroyed during sample preparation, 
giving optimistic results.
The vibratory crushing test has the advantage of being relatively 
simple to carry out and of requiring only a small sample, (about 
3kg before preparation). One of its disadvantages is that the 
machinery used to give the crushing effect is not well suited to 
the job. The "Tema” laboratory disc mill is an extremely effective 
device intended to be used to crush down ores for chemical tests. 
However, although all TlOO mills have similar characteristics they 
are not identical, and the amount of energy applied to a sample will 
vary from mill to mill. Due to the fact that no standard material 
is available, it is not possible to quantify the effects of machine 
variability.
A further disadvantage of the test is the relatively high cost of the 
equipment needed for the test.
Two methods of interpretation are available for the vibratory 
crushing test. Struillou uses the test results to seek a prediction 
of compaction difficulties based on moisture content limits. It is 
assumed that -
(a) for pulverised chalk the critical moisture content
( wc) ~ plastic limit (wp)
(b) the difficulty of compacting (termed.Y) is dependant on
(i) the ability of the chalk to produce fines (U)
(ii) the liquidity index of these fines (Ij,)
(iii) the characteristics of extraction method (X^)
(iv) the characteristics of the compaction method (X2 )
The difficulty of compacting is expressed as a number (Y) with a 
critical value (Yc), which has the form
Y = f (U, IL, Xi, X2 )    (1)
According to Struillou the probable form of expression is
Y  =  U .  I L. X j .  X 2  _ ' ' .  . . . . . . . . . .  ( 2 )
(100-U)
Since the ability of the chalk to produce fines (U) can be 
expressed in terms of the straight line from the vibratory crushing
test, i.e.
U = a.w + b (where w=moisture content)..........  .(3)
and since the liquidity index
IL = (27w - 21wl)/6wl . . . . . . . . . .  (4)
for a typical chalk with plastic limit
WP ~ (where wL a liquid limit) . . . . . . .  * . .(5)
and plastic index - 6wt . . . . . . . . .  .-(6)
27
Struillou proposes the following equation for white chalk
Y - (a.w, + b) (27w - 21wj , X, . X « ........ . . . . . ( 7)
6wu (100-aw-b)
For critical compaction it is proposed that
K « Yc . . . . . . . . . .  (8)
and therefore
K a (a.wc + b) 4 (27wc - 21wL)
6w'l (100 -awe -b ) 
where wc is the critical moisture content . . . . .  . . (9)
and
wc [ A + / aZ + 108 a-WL- E)] • • • • • • •  • • • <10)
where
A a- (21 - 6K) a.wL - 27b 
B = 21.b + 6K (100-b)
K is a constant which depends solely on Yc, which is irrelevant to 
the problem, and on the compactianand excavation values X^ and X2 .
On the basis of two case histories, values of K are proposed. At 
Pacy-s-Eure the chalk was shifted by scraper and compacted by 
vibrating rubber tyred roller and Struillou detects a critical moisture 
content of about 25%. At Incarville excavation was by face shovel 
the fill was once again compacted by vibrating rubber tyred roller, and
a critical moisture, content of about 23% is quoted. Typical 
liquid limits were 30% at Pacy and 25% at Incarville. These values 
give -
K scraper 4- vib. rubber tyred roller =0.2
i
K shovel 4- vib. rubber tyred roller = 0.3
which are logical since an increase in the value of K would be 
expected for a decrease in excavation and compaction effort. On the 
basis of these two- values Struillou proposes equations for the critic 
moisture content
wc (scraper) = 1 | A 4- J k ^ 4* 1 0 8 . .B . . . . ■ • •  .(11)
54a U  J
where
A = 20 a,W|_ - 27b 
B = 20b 4- 120
wc (face shovel) = 1 V a  +  J A ^  4- 108 a.w,_. Bl . . . . . (12)
5 4 a 1- “*■
where
A = 19. a .wL - 27b 
B = 19b 4* 180
It can be seen that the only significant difference between these 
two conditions is in the final term of B. .
The whole of this complex approach to suitability rests on the form
assumed for equation (2), and the assumptions in equations (5) and
(6). It seems equally valid to assume
Y = U.IL. Xj^« ^2 • • • • • • • • • • • • • • •  (1^ )
in which case
K = (a.wc 4-b) (27wc - 21wJ_)/6wi_ .......... . (14)
For this condition - .
K scraper = (1.25 4* 18)(27.25-21.30)/6.30 = 10*8 for Pacy-sur-Eure 
K shovel = (0*63.23 4- 18)(27.23-21.25)/6.25 = 20-8 for Incarville
and the ratio K shovel/ K scraper is now approximately 2 as compared 
with 1.5 for Struilloufs values.
Further qualitative interpretation on a moisture content basis is 
proposed by Struillou as follows -
w<0.8 WL few compacting problems
0.8w L*s£w<wc-2 acceptable compaction possible, but perhaps with
difficulties.
wc-2<.w<wc compaction difficult and imperfect but probably
acceptable.
w c ^ w ^  wc + 1 compaction very difficult and probably unacceptable
w>wc + 1 acceptable compaction impossible.
These limits are as follows for the two cases cited by Struillou -
0.8wi_ Wc-2 Wc Wc +1
Pacy-sur-Eure 24% 23% 25% 26%
Incarville 20% 21% 23% 24%
Once again, the severe effect of an increase of only 3-4% moisture 
content is seen.
Generally Struilloufs approach seems over-complex as compared with the 
state of the art and the lack of information on the repeatability of 
vibratory crushing test results. On the basis of the results of 
observations at Pacy-sur-Eure and Incarville it is just as 
resonable to say that once a significant proportion of fines are 
produced the chalk can only be compactedif its moisture content is 
more than 2 to 5% below its liquid limit. Bearing in mind the 
limitations of the Casagrande liquid limit test, especially when_used 
on chalk, and the problems of determining accurate moisture contents 
in the field the simple interpretation provided by Puig seems, more 
appropriate.
The following classification has been suggested by Puig (1973)
"By adopting a percentage of 30% finer than 1.25mm for the "saturated" 
and "saturated in water" test, one can propose the following
classification of chalk:- .
- less than 30% fines ( < 1.25mm) produced in both cases
- chalks do not pose problems during earthworks.
. - production of less than 30% fines (<. 1.25mm) in the
"saturated” test and more for the "saturated in water"
test - doubtful chalks which will pose problems in
unfavourable meteorological conditions.
- production of more than 30% fines (< 1.25mm) in both 
cases - dangerous chalks which will be difficult to 
use even in favourable meteorological conditions".
In the same paper Puig has also related the results to the type of 
plant to be used during earthworks as follows:-
’’Recommendations for the extraction and placing of chalk"
Good Chalks
A priori it is not necessary to take any particular precautions, 
except for normal rules of good practice. Nonetheless it must be 
emphasized that the proper means of extraction (rippers and scrapers) 
must be available to obtain maximum reduction of very large blocks 
and also to obtain a sufficiently uniform grading to allow heavy and 
efficient compaction to avoid the risks induced by large voids in the 
fill.
Doubtful Chalks
Two cases can arise:- '
(a) There is no fear of later densification, and it is necessary to 
avoid too low a bearing capacity when the chalk is placed. In this case 
fragmentation of the blocks must be limited as much as possible.
This can be obtained by-
the use of a face shovel working on the face at the cutting, 
and transportipg(the chalk) by lorry or dump truck.
using the chalk in layers of compacted thickness not greater than 
30cm.
compaction by heavy tyred roller.
(b) There is a danger of later densification, but an acceptable 
bearing capacity is required all the time. The number of handlings 
must be large and hence very "aggresive" means of extraction and 
placing are used. This means that this approach can only be used 
with doubtful-chalks with a low moisture content, less than 20%.
The following plant can .then be used:-
ripper and bulldozer, 
scraper *
- sheepsfoot roller or grid roller compaction.
Dangerous Chalk
For these chalks even the use of gentle methods of extraction
and placing very quickly produce a mass which is unstable and has
very little bearing capacity.
They should not be used in earthworks, except for embankments 
lower than 2m which need not support foundations for at least a year 
after placing".
Three doubtful assumptions are implicit in this: method of interpretation
(i) that the limiting content for traffickability in
chalk is always 20%
(ii) that completely remoulded chalk will remain in a very
wet condition for such a long time that dangerous
chalks cannot be used to produce a satisfactory
embankment.
(iii) that a grid roller is more likely to degrade chalk then
a rubber tyred roller, and can be equated to the effect 
of a sheepsfoot roller.
Apart from these minor criticisms Puigs approach seems sound.
2.4.4,3 Repeated Compaction Tests
Repeated compaction tests reported by Puig (1973) involve the 
crushing of chalk to pass 20mm and the repeated compaction of this 
material under standard (Proctor) effort. Immediately after each 
compaction the C.B.R test was carried out.
Two effects are seen. Firstly with repeated compaction the 
increasing quantities of fines allow a reduction of air voids and 
increase of dry density at a constant moisture content. At low 
moisture contents the production of fines occurs at a lower rate 
(as might be expected from the vibratory crushing test) and the 
increase in density continues typically for 7 or 8 compactions.
At high moisture content the sample quickly achieves a low percentage 
of air voids and increases in dry density then cease
Secondly, the breakdown of chalk and the production of fines leads to 
a reduction of C.B.R value. Since it has already been established 
(in 2.4.2) that after production of only a small fraction of chalk 
fines the sample will behave as a chalk soil the point at which C.B.R 
values become unacceptably low could be expected to be a function 
of -
(a) the fragility of the chalk
(b) the moisture content of the chalk
(c) the amount of compactive effort applied.
Figure 2,4.4/6 shows'the "numbers of compactions a© a function of moisture
content after which C.B.R value is less than 10%, for chalk from 5
different sites. The results seem only crudely adapted to 
differentiating between different qualities of chalks, perhaps because 
of the attempt to measure both the effects of fragility and 
plasticity variation at the same time. The different number of 
compactions required to reduce the C.B.R value to less than 10% at the 
’’natural block moisture content” are shown below.
Site No of Compactions
Rouvray 3 - 4
Pacy-sur-Eure 2
Incarville . 1 - 2
Sauqueville 1 - 2
Saint-Cloud 0 - 1
Comparing these values with the actual problems encountered in 
construction gives the impression that the test is reasonably well 
able to differentiate chalks but if we consider a fixed moisture 
content, say 23%, and examine the number of compactions a different 
picture emerges -
No. of Compactions
3.2
2.4
2.3 
2.1
1.5
It is possible that this jumbled effect is a reflection of the 
interaction of plasticity and fragility proposed by Struillou.
If. we examine the figures at constant compactive effort (3 compactions 
constant k values should be-achieved. '
Site 
Incarville 
' Saint-Cloud 
Pacy-s-Eure 
Sauqueville 
Rouvray
Clearly the results do not conform with Struillou’s proposals. Indeed 
the critical moisture content for 3 compactions on Pacy-sur-Eure chalk 
is less than 21/27 of its liquid limit, giving K negative.
As well as producing doubtful results the repeated compaction test 
requires a great deal of work. For a typical test 5 compaction tests 
with a minimum of 5 compaction points on each test would be 
required, coupled with 25 determinations of C.B.R value. This is 
equivalent to about 3Q hours work for one laboratory technician.
a b W Wc K(equation 9)
0.63 17.8 25 20.4 0.0760
0.45 15.0 r 21.6 -
1.00 17.7 30 21.8 -0.1502
0.50 15.7 24 21.8 0.2129
0.20 14.3 - 23.4
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2.4.5, Permeability
Intuitively, the permeability of the chalk fill is related to its 
grading, and hence to the method of extraction, fragility, and as-, 
dug moisture content. It is important because it is also related 
to coefficient of consolidation and therefore to the rate of self­
settlement of highly remoulded chalk fills.
No values of permeability were found for remoulded chalk during this 
literature review, but Lewis and Croney (1966) deduce that 
heavily compacting soft chalk reduces the coefficient of permeability 
to approximatel3r 0.5 x 10^ cm/sec. This value is obtained from 
oedometer tests on recompacted chalk and may be unreliable,
2.4.6. Traffickability
The traffickability of clay fill has been investigated in some detail
by-Dennehy (1975). Field values of rut depth were measured and
compared with the undrained shear strength of the soil in which they
were formed. The results shown in Figure 2.4.6/1 are by no means
conclusive, but they indicate critical undrained shear strength
2
values of 40-60kN/m for rut depths of 450mm. Such a depth of rut 
is considered by Dennehy to be the maximum tolerable for the 
operation of motor scrapers, based on field observations. Rigid bodied 
lorries could not be expected to operate in these conditions, and 
would almost certainly require a higher strength for the soil.
Puig (1973) has examined chalk traffickability and considers a 
C.B.R value of 10% to be the limit, although the basis for this figure 
is not stated. It has been shown in section 2.4,2. that Dennehy's 
limits for strength may correspond to a .C.BJR..,value of 3.4-5.1% and . 
the reason for this difference of opinion is not known , In 
practice, hoxjever, the decrease of strength with increased moisture 
content is very rapid, and these differences may not be significant in 
terms of difference of moisture content limit.
Chalk in various stages of disintegration differs from clay fill in 
several respects:-
(i) it does not contain a significant proportion of colloidally 
active material, nor does it have a clay fraction.
Its ‘’activity" cannot therefore be calculated in the manner
defined by Skempton (1953) and its water content may be
mobile.
(ii) It has a relatively high permeability, even when extensive!
remoulded, and does not contain absorbed water-. When
the surface of a chalk fill is vibrated it appears as if 
the interstitial water is able to rapidly migrate to the 
surface, and this may distort moisture content/strength 
determinations on samples immediately after compaction.
(iii) chalk can behave either as a granular fill or as a
non-free-draining fill, depending on the grading of the
material.
It is possible to state that the traffickability of chalk depends on -
(i) the insitu particle size distribution in the cut
(see 2.3,3)
(ii) the method of excavation, transportation and compaction
(see 2.4.4.2)
(iii) the fragility of the chalk (see 2.4.4)
(iv) the weather conditions during excavation and placing
(v) the remoulded strength of the chalk (see 2.4.2)
(vi) the bearing capacity required to support the pliant
carrying the chalk over the fill.
V
.At the present time the precise relationships between these factors 
are not clearly established.
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LABORATORY TESTING
3.1 Density, Moisture Content and Plasticity
The review of literature has shown that results of moisture content 
and density taken from various authors indicate that chalk is not 
a uniform material. This view is supported by the qualitative 
descriptions of chalk exposures given by Jukes-Browne and Hill 
(1903,1904). Variations of lithology could be expected, both as a 
geographical and stratigraphical basis, as a result of the factors 
investigated by Mimran (1975), Carter and Mallard (1974), Kennedy 
and Garrison (1975) and Masson (1973).
In order to investigate the extent of variability of the chalk ; 
a survey of density and remoulded plasticity was undertaken on samples 
of chalk obtained from exposures over a wide geographical area. It 
has been assumed in the following discussions that in-situ chalk has 
a moisture content equal to its saturated moisture content, except where 
it has been exposed and suffered evaporation. Because in most cases 
chalk consists of blocks of chalk separated by fractures it can be 
argued that even when the ground water table is very far beneath the 
chalk under consideration, the negative pressures inducing outflow 
of water from the intact material will be very small compared with 
values reported by Croney, Coleman and Bridge, (1952), Lewis and 
Croney, (1966) and Masson, (1973) as necessary to drain intact chalk, 
because there is no continuity of pore water. As will be seen in a 
later section this view is generally supported by tests on freshly 
dug chalk, and any other assumption would therefore be dangerous.
The chalk has been divided stratigraphically as follows:-
Maestrichian Ostrea lunata
Senonian Belemnitella mucrcnata
Actinocamax quadratus 
Marsupites testudinarius 
Micraster coranguinum 
Micraster cortestudinarium
Turonian 
Cenomanian v
It is acknowledged that this method of zonaticn is considerably 
outdated and has been improved by recent workers such as Kennedy,
(1969), while it has been embellished in the past by workers such 
as Brydone (1912). However, it has the following advantages to 
the Engineer: -
(a) Correct emphasis. The zonation presented does not provide
a subtle division of the uppermost zones exposed in 
England. The zones used are generally of the order of 
20m thick, becoming in extreme cases 40-50m thick.
However, the zones of Belemnitella mucronata, Actinocamax 
quadratus and Micraster coranguinum can be very much thicker 
(See Table 3 )# Since much of the chalk of the
B.mucronata and A.quadratus zones has been removed by 
post-cretaceous erosion, and their exposure is limited 
mainly to Sussex and the Hampshire Basin, N0rfolk and 
Yorkshire, this is considered an advantage. The zone 
of Micraster coranguinum is also too thick, but no finer 
division is available.
(b) Exposures already zoned. No study of the English chalk subsequent
to that of Jukes-Browne and Hill (1903,1904) has provided 
such a wealth of carefully prepared lifhological information 
based on biostratigraphical division. From the zonal 
division proposed it has been possible to find and make 
use of many of the exposures described in Jukes-Browne and 
Hill.
The objects of this part of the study can be summarised as -
Ho laster planus 
Terebratulina lata 
Rhynclionella cuvier i 
Holaster subglobosus 
Schloenbachia varians
(i) to determine the overall variability of the chalk
(ii) to determine the relationship between the insitu 
moisture content and remoulded plasticity of the 
chalk outcrop.
(iii) to determine the properties of chalk found in each 
of the chalk fossil zones.
(iv) to test the theory of Carter and Mallard (1974) that 
consolidation is the most important mechanism in the 
control of insitu void ratio
(v) to check the observations provided by Mimran (1975) on 
the effects of tectonics on the density of chalk
(vi) to assess the effects of clay content on the density 
and plasticity of chalk.
The tests used in this survey are a "gas-jar1’ determination of dry 
density, the 4 point cone penetrometer liquid limit (B.S.1377:1975 
test 2(A)) and the plastic limit (B.S.1377:1975 test 3).
The dry density was determined as follows:-
Samples were pared down lumps of intact chalk (approx. 50mm spheres) 
which were weighed, coated with parafin wax, weighed again and then 
submerged in a gas jar full of water. The bulk density of the chalk 
can be easily obtained if the weights of the chalk lump, its wax 
coating, the weight of the gas jar full of water only, and when full 
of water and sample, are known. Upon completion of the bulk density 
determination the wax was stripped from the specimens and the moisture 
content of the entire sample determined by oven drying at 105°C.
Each determination was carried out on three pieces of chalk, and three 
determinations were carried out on each sample.
It was found that when the chalk was very dry at the start of the test 
it was necessary to soak the chalk to prevent wax penetrating the chalk, 
presumably due to capillary suction, and also to prevent the occasional 
formation of small bubbles in the wax. Apart from this, no problems
were encountered, and as will be seen high levels of repeatability 
were obtained from uniform chalks.
Plasticity tests were carried out on material used in the 
density tests which was crushed oven dry using a T100 Tema 
laboratory disc mill. Material coarser than the No. 36 
sieve (420 micron) was sieved out before the cone penetrometer 
liquid limit test and the plastic limit test were carried out. 
Some difficulty was experienced in obtaining absolutely 
repeatable results, but most results were repeatable to 
•F 1% of moisture content.
In the figures and tables it has been found convenient to 
express the density of intact chalk as a saturated moisture 
content since, for example, this allows a comparison with 
plasticity data. However, to convert dry density to ’ • 
saturated moisture content requires a knowledge of specific 
gravity.
For the purposes of this thesis the S.G. of chalk is 
taken as 2.70. Reid (1962) reports the S.G. of 
calcite as 2.71, and the following results carried out 
according to B.S.1377:1975 test No. 6b show little 
variation.
Sample No. CaC03 content S.G.
%
5C
6C
7C
8C
IOC
1C
2C
3C
4C
57.2
86.3 
98.5
98.1
97.4
88.5 
89.3 
81.9
98.2
2.71:
2.70
2.71
2.70
2.70
2.71
2.71 
2.70 
2.69
Detailed test results and sample locations are given in 
Appendix A.
3.1.1 Chalk Variability
The results of about 600 determinations of the dry density 
of chalk are shown in Figure 3.1/1 It can be seen that
3the density of English chalk varies between about 1.25Mg/m
and 2.50Mg/m^. According to Hancock (1963) the density
of the chalk in Northern Ireland can be considerably higher 
3at about 2.65Mg/m . The average of the dry density values
3obtained in this study was found to be 1.71 Mg/ra with a
-  3
standard deviation of + 0.27 Mg/m . This represents an 
average saturated moisture content of 21.4% with a 
standard deviation of about + 9.5%.
In contrast to this large variability of dry density, 
plasticity tests shown in Figure 3,1/2 cover a relatively 
small range, the bulk of the liquid limit results falling between. 
20% and 32%. When plotted on a plasticity chart (figure 3,1/3). 
Turonian and Senonian chalks fall in a very tight group 
immediately above the A-line, and are classified as a clay 
of low plasticity. Cenomanian chalks show higher plasticity, 
with those from the xone of Holaster subglobosus being only 
slightly more plastic than results for white chalks.
Samples taken from the zone of S.varians can give much greater 
liquid limits, dependant on their clay content which, as 
Shephard-Thorn has shown, varies from 20% to about 45%.
It has been found that the Plastic Index of chalk is vdry 
restricted and only rarely falls outside the range of 5-7%. 
(Figure3.1/4 ).
Struillou (1973) has suggested that the Plastic limit varies 
as the Liquid Limit, in the ratio
and thus I. C5
The results of tests carried out in this study tend to indicate 
a constant Plastic index of 6 , or perhaps a slight increase of 
Plastic Index with decreasing Liquid Limit.
One of the most noticeable features of the histograms of saturated 
moisture content and liquid * limit shown in Figure 3.1/2 is that a 
high proportion of the samples tested have saturated moisture 
contents greater than their liquid limit, with obvious consequences 
to earthworks construction.
3.1.2 Relationships between insitu saturated moisture content and 
remoulded plasticity.
As Puig (1973) has said, " Si 1' on considere que la tres faible 
proportion d'argile pent etre negligee, les limites d*Atterberg 
effectuees sur le jnortier (fraction a 0.4mm) dependrcnt de la 
granularite du materiau". Typical results of gradings on the material 
used for the liquid and plastic limit tests are shown in Figure 63, 
the results being obtained by the hydrometer method (B.S.1377:1975 
Test 7D) with no pretreatment and only one tenth of the recommended 
dispersing agent.
Initial testing was carried out on the dry crushed chalk intended for 
plasticity testing, the Dio» D50 an<* values being shown in 
Figure 3.1/6. The wide scatter of results lead to the material 
being wet crushed in the Tema mill and a further set of results were 
obtained. It can be seen from these results that despite a wide 
scatter there is an obvious trend of increasing uniformity with 
increasing plasticity.
Because none of the selected samples had significant; clay contents 
it might be expected that a major difference in coefficient of
uniformity would be obtained between those samples with 
high and low liquid limits. It can be calculated that in its 
loosest packing single size calcite spheres will have a moisture 
content of about 34%, and it seems no coincidence that this is 
close to the highest liquid limit value obtained for white chalk.
It was concluded that since the plasticity results were re­
peatable, the most important part of the preparation process 
occurred during the mixing of the sample with water during 
the plasticity test. In a final set of tests, material for 
use in the hydrometer analysis was taken while still wet from 
the liquid limit test and an estimated 50g was used in the 
hydrometer test. At the end of testing the fluid was decanted 
off the solids which were placed in an evaporating dish at 105°C 
to determine the weight used. The results of these tests 
are shown in Figure 3,1/7, where a very much more convincing 
correlation between particle size and liquid limit can be seen. 
The D 1q and D^q lines on this figure have been used to produce 
the curve on Figure 3.l/3over which the individual uniformity 
coefficient values (D60/d ^q ) have been plotted. It is clear 
that grading has a major effect on the plasticity of white 
chalk, but obviously the angularity of the individual particles 
may also be significant.
Figure 3.1/9 shows a plot of average saturated moisture content 
of intact material as a function of the remoulded chalks 
liquid limit. It can be seen that -
(a) there appears to be a correlation between saturated 
moisture content and plasticity, soft chalks generally 
giving a higher liquid limit then hard chalks,
(b) the scatter of saturated moisture content values for 
particular liquid limit values is far less for hard 
chalks than for soft chalks.
Thus it can be seen that hard chalks tend to be well cemented 
and break down to become well graded, while soft chalks tend to 
break down into the individual coccolith fragments of which they 
are formed, which can be seen to be in the range 0.5- 4p when
viewed under the electron microscope. Since small improvements 
in the quality of soft chalk can be detected by their association, 
when viewed under the electron microscope, with the growth of blocky 
calcite crystals in the cocpolith debris, these chalks tend to 
give lower liquid limits because of their wider particle size range.
It is therefore suggested that chalks with very high liquid limits 
will tend to be very weak, because they will not only lack 
cementation, but also recrystallization. However, these chalks 
may not represent the worst material when remoulded, since re­
moulded shear strength will be shown to be dependant on plasticity.
3.1.3 Properties of the individual fossil zones.
FiguresA1 toA2)show the zone-by-zone location of samples and results 
of density and plasticity tests. In addition, Figure 3.1/15 shows 
histograms of saturated moisture content (derived from the dry 
density results) for all the samples, divided according to fossil 
zone and presented together for comparison. Quite clearly any 
figures derived from these results are a function of the sample 
locations and frequency, but hopefully it has been possible to gain 
some idea of the real variability of the properties of each zone 
simply by trying to obtain a good spread of sampling locations..
For each zone histograms of dry density, derived saturated moisture 
content and liquid limit have been plotted. However, although they 
present the results in a concise form they are difficult to interpret 
particularly since even a brief scrutiny of them can show the extreme 
variability of results possible in any one zone. In order to 
overcome this problem two further methods of presentation have been 
tried. Firstly, the statistics of each zone have been calculated and 
are shown in Table 7 .
They show that when the outcrop of the chalk is considered as a whole, 
all zones have a similar range of densities. Four of the zones stand 
out as being of better quality (i.e. higher density) viz. Holaster 
planus, Rhychonella cuvieri, Holaster subglobosus, and Schloenbachia 
varians. Of these zones, Holaster planus and Rhynchonella cuvieri 
are significant because they contain extensive hardgrounds, the Chalk 
Rock and the Melbourn Rock, which would tend to elevate the average
TABLE 7 ZONAL STATISTICS
Dry Density, Saturated Moisture Content 
and Liquid Limit of the Chalk,
ZONE Dry Density (Mg/m.3)
Saturated Moisture 
Content (7.)
- Liquid Limit
(X)
Range Mean Std.
Dev.
Range Mean Std.
Dev.
Range - Mean Std.
Dev.
B.mucronata 1.48-
2.07
1.66 0.18 1 1-
31
23.2 7 2 2 -
26
24.3 2.1
A,quadratus 1.39-
1.95
1.62 0.12 14-
35
24.7 5 23-
29
26.3 1.8
M, testudinarius’ 1.32-
2.24
1.61 0.23 8 -
39
25.1 9 2 2-
32
27.7 2.9
M, coranguinum 1.34-
2,26
1.56 0.18 7-
38
27.1 8 2 2 -
28
25.6 1.8
M. cortestudinarium 1.29-
2.12
1.55 0.18 1 0-
40
27.5 8 23-
26
24.8 1.4
H.planus 1.49-
2.46
1.79 0.24 4-
30
18.8 8 2 0 -
27
24.6 2.2
T.lata 1.35-
2.30
1.68 0.26 6-
37
22.5 9 2 0-
30
25.3 3.1
Rh. cuvieri 1.50-
2.49
1.92 0.29 3-
30
15.0 8 18-
27
22.5 2.6
H. subglobcsus 1.49
2.20
1.31 0.18 8 -
30
18.2 6 23-
37
29.5 3.1
S.varians ' 1.54-
2.44
1.99 0.25 4-
28
13.2 6 2 0 -
53
34.0 11.5
density value. The zones of Holaster subglobosus and Schloenbachia 
varians,contain clay minerals, and although the calcium carbonate 
content of the subglobosus zone generally is less than 20% and 
appears to have only a slight; effect on its plasticity, it has 
a significant effect on density.
At the other end of the scale the zones of Marsupitos . testudinarius,
Micraster coranguinum, Micraster cortestudinar.ium, and Terebratulina
lata exhibit the lowest values of density, with the lowest value
obtained in this survey coming from the cortestudinarium zone in
3
Cambridge (yB = 1.29 Mg/m , equivalent to a saturated moisture 
content of 40%). These values can be seen in Figure 3.1/11.
Samples of the chalks tested were taken from excavation faces, 
usually from an area of. less than 0.5 x 0,5m. From the variability
of test results on each sample it is therefore possible to assess 
either the variability of the chalk on a small scale, or the in­
accuracy of the method of test used to determine dry density.
The chalk variability (V) has been assessed using a form of standard 
deviation calculation. For each zone, the dry density results for 
each sample were averaged and the sum of the square of the differences 
found. The sura of these values for the whole zone was then calculated, 
divided by the number of values and then rooted. The result is a 
number whose magnitude expresses the variability in density obtained 
from a typical sample in that zone. Two examples are given below:-
Example 1 Example 2
Sample No. yD Sample No. yD
1 1.50,1.51,1.52
2 1.90,1.87,1.86
3 2.45,2.47,2.45
4 1.30,1.32,1.31
1 1.76,1.82,1.83
2 1.45,1.51,1.48
. 3 1.92,1.99,2.00
4 2.35,2.30,2.28
V = 0.011 V = 0.030
The results obtained for each zone are:-
Zone 
B. mucronata
A. quadratus 
M. testudinarius 
M. coranguinum 
M. cortestudinarium 
H# planus 
T. lata 
Rh. cuvieri
H. subglobosus 
S. varians
Many of these results were obtained during commercial testing
programmes, and it appears that under these conditions the probable
maximum inaccuracy of testing is represented by a V value of about
30.015 - 0.020 Mg/m , or a variation in saturated moisture content
of between 0.9% (at a dry density of 1.30Mg/m^) and 0.2% (at a dry
o
density of 2.50Mg/m ). However, it must be supposed that the 
accuracy of testing was considerably better than this, since visual 
observations of the chalk show that very smooth, uniform chalk 
is hot very common. Thus much of the variability may represent 
the natural small scale variability of the chalk.
Further insight into the variability of chalk can be gained by locking 
at the variability of density results taken from single cuttings 
during earthworks. During this research six examples have been 
obtained-
(a) Dartford-Swanley Link - A20 Cut
(b) Dartford-Swanley Link - Clement St. Cut.
(c) Lewes Bypass - Southerham Cut
(d) Lewes Bypass - Jugs Cut
(e) Mere Bypass - Longhill Cut
(f) M27 Wallington Interchange,
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Variability Factor (V)(Hg/m ) 
0.019 
0.031 
0.019 
0.024 
0.°24 
0.020 
0.022 
0.022 
0.019 
0.018
The variability of the chalks tested are shown below -
Dry Density (Mg/m3)
Case N Min. Max. Mean Standard Deviation
(a). 12 1.44 1.51 1.46 0.024
(b) 26 1.32 1.52 1.45 0.060
(c) 15 1.76 2.06 1.91 0.108
(d) 18 1.63 1.75 1.70 0.036
(e) 15 1,82 1.99 1.93 0.055
(f) 11 1.53 1.67 1.60 0.050
General observations of the chalk on a biostratigraphical basis 
lead to the conclusion that without reference to other factors 
controlling the nature of the chalk it is not possible to predict 
its moisture content or plasticity from a knowledge of its zone.
3.1.4 The effect of consolidation on the density of chalk 
Carter and Mallard (1974) have postulated that the major factor 
affecting the density, strength and compressibility of intact 
chalk is consolidation under self-weight and perhaps, in the 
Norfolk area, under the weight of glacial ice. As section 3.1.3 
has shown, each zone of the chalk can show a very wide range of 
density, perhaps dependent on tectonic effects, proximity to the 
shore line of the Boreal Sea, or for a variety of other reasons.
Thus it is clear that density is not solely dependant on over­
burden pressure.
I f  Carterand Mallard’s hypothesis is.to hold good then it would only 
be expected to do so in areas unaffected by other factors. Thus 
most of southern England is doubtful because of tectonic effects, 
and Norfolk, Lincolnshire and Yorkshire should also be rejected.
This leaves the area of Cambridgeshire, Suffolk and the Chilterns 
as possibly suitable for study. The results of density tests 
carried out in this area are shown in Figures 3.1/17 and 3.1/18. The, 
histograms of density indicate that the chalk of the area is 
generally of much lower density than would be expected elsewhere.
' It should be noted that only two values have been obtained from 
zones higher than that of Micraster coranguinum, but the lower bound
trend is confirmed by the average and lower bound trend of
the results of all density tests shown on a zonal basis in
Figure 3,1/11. This figure indicates that the lower bound of 
density falls as the chalk decreases in age from the zone of 
S.varians to T.lata, and the the M.cortestudinarium zone generally 
has a lower density then that of the T.lata zone. If the zone
of H.planus was not sampled it might therefore be possible to
argue some consolidation compaction of the sediment. Values 
for the higher zones do not support this trend; indeed they seem 
to indicate that the density increases with decreasing overburden 
pressure.
It is concluded that -
(i) gravitational effects have most probably only been significant 
in the very early stages of diagenesis, up to the time when 
interparticular contact was established.
(ii) other factors, such as tectonics, particle size distribution 
contemporaneous cementation and the chemistry of the marine 
environment probably have a much more significant effect on density.
3.1.5 The effect of tectonics on the density of chalk 
Mimran (1975) has argued that the effects of the Alpine orogeny, 
which have their most dramatic expression in the steeply dipping 
and sometimes overturned strata of the monoclinal folds of the 
Purbeck-Weymouth area, were to increase the density of the chalk. 
Mimran obtained a correlation between dip of strata and density, 
but it seems likely that stratal dip is only useful because it 
reflects in a fairly qualitative way the stress levels operating . 
in the chalk at the time of the Alpine orogeny.
During the course of this survey, samples were taken from a number 
of areas subjected to folding , but in order to make an initial 
check on Mimran’s findings only the results from the steeply dipping 
chalks found in Dorset, the Isle of Wight, and the Hog’s Back 
(Surrey) were used. These results are shown as a histogram in
Figure 3.1 /19 where they are compared with the total population 
of density results. It is concluded that tectonic forces 
have a significant effect on the chalk, but that rocks of 
similarly steep dips do not neccessarily have the same density. 
Comparison of electron micrographs of chalk in areas affected by 
tectonics with those unaffected,shows that the process of 
densification is probably one of the disaggregation of coccoliths and 
breaking of early bonding, leading to a greater density as a reault 
of consolidation.
3.1.6. The density and plasticity of Norfolk, Lincolnshire 
and Yorkshire chalks 
The chalk samples obtained from Yorkshire and Lincolnshire were 
not numerous, only 36 determinations of dry density being made. 
However the results indicate that -
(i) the density of the chaIk in Yorkshire and Lincolnshire is
always high, this investigation giving a minimum value of
3 31.90 Mg/m (Sat. m/c = 16%) and an average value of 2.17 Mg/m
(Sat. m/c « 9%),
(ii) the liquid limit of Yorkshire and Lincolnshire chalk is 
restricted to the range 18 - 24%, with a plastic limit between
13 and 18%. These values can be seen to be very much lower than 
for the softer chalks to the south. The average liquid limit 
of the Yorkshire and Lincolnshire chalks tested was 21.8%. 
compared with 26.7% which was the average liquid limit of all 
chalks tested.
In the softest sample of Yorkshire and Lincolnshire chalk tested, 
the saturated moisture content was 7% lower than the liquid limit 
and 2% lower than the plastic limit, while in most cases the 
saturated moisture content was 7% lower than the plastic limit.
If the samples tested are representative of the whole chalk 
outcrop in Yorkshire, then it' appears that the only chalk 
works problems likely to be encountered in the area will be 
associated with rock excavation.
Carter and Mallard (1974) have postulated that the Norfolk 
Chalk is also of a uniformly better quality than that of 
southern chalks, perhaps as a result of additional glacial 
consolidation pressures. This view does not seem to be 
supported, by the subjective descriptions to be found in Jukes - 
Browne and Hill (1903,1904) where the following information 
can be found on the north Norfolk chalk.
Brief Description of J-B and H(1903,1904) 
Soft marly chalk 
Soft chalk with many flints.
Generally soft chalk with a few 
scattered flints.
Rather hard chalk with layers of dark 
greyish-black centred flints.
Not recognized.
Not seen in Northern Norfolk
Solid white chalk with flints.
Hard chalks
Hard thin bedded whitish chalk 
Hard greyish and whitish chalk
The chalk of southern Norfolk is generally described as 
similar to that of the chalk to the south. It appears from 
these descriptions that the chalk of Norfolk may only be harder 
than its southern equivalent in the lower zones at the north 
end of the outcrop. The results of density tests are plotted 
in histogram form in Figure 3.1/20 and shown against their locations 
in Figure 3.1/21.These figures indicate that by no means can 
north Norfolk chalk be regarded as uniformly hard, and they tend 
to support the hypothesis of extreme hardness only in the north­
west area.
Because of the regional dip, the upper zones have been eroded to 
the west, while the lower beds are not exposed to the east. It 
is therefore possible that the lower' beds maintain their high 
density to the north-est of Norfolk, where they are not exposed. 
Without carrying out deep borings this cannot be checked and in 
any case would hardly be relevant to earthworks.
Zone 
0 , lunata 
B..mucronata 
A.quadratus )
M.testudinarius}
M.coranguinum
M.cortestudinarium 
H.planus 
T.lata 
Rh,cuvieri 
H.subglobosus 
S.varians
3.1.7 The effect of clay content on the density and plasticity 
of chalk.
The inclusion of materials of significant different particle 
size as compared with that of the basic calcite ingredients 
of chalk might be expected to increase its dry density as a 
result of an increase in uniformity coefficient. It can be 
seen from the histogram of dry density plotted on a zonal basis 
that the zones of Holaster subglobosus and Schloenbachia varians 
conform with this hypothesis. It is also noted that the 
inclusion of clay minerals in chalk leads to elevated liquid and 
plastic limits.
Calcium carbonate determinations were carried out on 25 samples 
of Cenomanian chalk using a “reverse titration" method. About 
0.5g of oven dry chalk was weighed to 3 decimal places of a 
gram and placed in 25ml of 20% Normal Hydrochloric acid. The 
material was brought to the boil, simmered for 15 minutes, and 
then left to cool. Using phenolphthalein as an indicator, sodium 
hydroxide was titrated into the solution until it was 
neutralised, giving a precise measure of the hydrochloric acid 
not used in converting calcium carbonate to calcium chloride, 
carbon dioxide and water. The results are shown below -
Zone Sample No. CaCo^(%) yD(Mg/m^) L.L(%)
S.varians 1C 57.2 1.72 48
53C 59.1 2.41 23
58C 63.3 2.09 28
64C 76.8 .1.97 38
65C 95.0 2.26 20
66C 96.4 2.14 22
69C 82.0 1.67 32
73C 72.6 2.12 42
77C 86.5 1.95 28
95C 87.4 2.17 17
96C 87.0 2.35 22
111C 65.8 1.88 40
117C 62,4 1.71 52
130C 75.6 2.02 36
131C 48.0 1.55 53
Zone Sample No CaCo?(%) yp( Mg/m3) L.L(%)
H.subglobosus 2C
6C
8C
11C
39C
40C
70C
79C
83C
HOC
90.8 2.06 24 V
93.3 1.51 30
86.3 1.68 30
88.5 1.84 28
81.9 1.73 33
89.8 1.74 29
89.6 1.59 32
78.9 1.61 32
87.9 1.72 34
41.1 1.98 37
Figure 3.1/22 shows a good correlation between CaCo^'content-and 
liquid limit where the major impurity is clay. Points falling 
below the general band of results do so because either -
(a) significant quantities of other minerals are present,
all from Mere in Wiltshire, 
or
(b) the chalk is highly indurated, and the clay is trapped within 
the cemented particles of chalk, as in samples 95C and 96C;
95C is from Candlesby in Lincolnshire, while 96C is from 
Lulworth cove.
The general results indicate an activity (assuming that 
(1- % CaCo3 > «s % Clay fraction by weight) of the order of 
0 .6 -0 .8 .
The correlation of density with clay content is much less 
obvious, but two broad conclusions can be reached. Firstly
it can be seen from Figure 3.1/22 that-hardening of chalk is 
typically associated with an increase in calcium carbonate 
content. Thus Cenomanian S.varians chalks from Lulworth 
cove (Sample 96C) contains 87% CaCo3 which would seem to be in 
conflict with Mimran (1975) who postulated dual mechanisms 
of densification of tectonically affected chalks; mechanical 
compaction, and pressure solution leading to enrichment of 
insoluble residues.
for example quartz or silica in samples 79C, 53C and 58C
At the lower end of the density scale, the evidence indicates
similar trends to those of Masson;(1973^ with a peak minimum density
at about 62% CaCo3 content, but very much lower values. However,
3 3
the minimum values vary from 1.5lMg/m to 1.6lMg/m , which can be 
compared with minimum density values for white chalks of between 
1.29 and l,50Mg/m , and show their influence of clay content on the
density of softer Cenomanian chalks.
3.1.8 Hardground densities
Only the two most widely occuring rock layers in the chalk, the 
Melbourn Rock and the Chalk Rock,have been sampled and tested during
this study. They have been recognised generally by their
Gtratigraphical position, but primarily by theirlithological features, 
and in this section density values for chalk of the same age, but 
without the lithological features reported, for example, by Kennedy 
and Garrison (1975) have not been included. In fact the Melbourn 
Rock is a nodular rhythmically bedded chalk, possibly a series of 
incipient hardground but is not a true hardground in the sense of 
Murray and Renard (1891) since it does not seem to have been exposed 
as a rocky sea-floor. Unlike the Chalk rock* which generally consists 
of either one or two rock beds with fairly sharply defined upper and 
lower surfaces, the Melbourn Rock fends to fade upwards into the 
smoother Rh.cuvieri chalk of which it is a part. Where possible, 
samples have therefore been obtained from its base, where the highest 
density would be expected.
The density values of these two rock layers have been found to be -
Y D (Mg/m3)
N Lower Bound Upper bound Mean Std.Dev.
Melbourn Rock 29 1,79 2.25 2.08 0.13
Chalk Rock 12 1.83 2.46 2.17 0.22
The values are shown in histogram form in Figure 3.1/23.
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3.2,1 Undrained shear strength/moisture content relationships
The non-uniformity of chalk has been demonstrated in section 3.1, 
and it therefore is clear that when completely remoulded, chalk will 
not behave in a uniform manner.
Two basic lower limits have been placed on the shear strength of 
fill materials if the trafficking of rubber tyred equipment is to be 
possible -
2
(a) 40 kN/m undrained shear strength (Dennehy (1976))
(b) 10% C.B.R value (Puig (1973))
A series of tests have therefore been carried out on crushed chalk 
to determine the maximum moisture content at which the material could 
be used in earthworks, once reduced to fines.
Chalk samples were crushed dry in a motorized mortar and pestle, and 
•were then made up into 76 x 38mm specimens at moisture contents 
between about 17% and 35%. The material was compressed into a 
mould using a Wykeham Farrance hydraulic extruder, under the maximum 
pressure available, and samples were allowed to stand, once covered 
by a membrane and end caps, typically for about 30 minutes before 
being tested in undrained triaxial compression.
Detailed results are given at the end of the volume in Appendix 3.
General results of undrained shear strength against moisture content
are plotted in Figure 3.2.1/2, and indicate a critical moisture content
2(to give an undrained triaxial strength of 40kN/m ) of between 21% 
and 30%.. Ignoring the presence of the chalk marl sample 1C (Sundon 
Quarr}t - CaCog content - 57.2%) the range of critical moisture 
content is similar to the range of liquid limit (25-32%. 7% range).
Individual undrained shear strength v. moisture content plots also 
given in Appendix B indicate -
(a) that the results are not as repeatable as would be expected 
for a clay. This is presumably because of the effect of
subtle differences in the preparation of samples, for 
example in the pressure and time used for static compaction, 
resulting in differences in density and saturation^
(b) that increasing moisture leads not only to loss of strength,
but also to an increase in saturation as shown by decreasing 
values of
(c) that the point at which saturation occurs corresponds
roughly to the liquid limit, at which moisture content 
the strength is negligible. This would be predicted by 
the findings of section 3.1.2.
Following Dennehy (1976) the moisture content to give a shear strength 
2of 40KN/m has been plotted against the liquid limit in Figure 3.2.1./4 
Previous unpublished work by the writer has shown that the 
relationship between undrained shear strength and moisture content 
is not solely dependant on plasticity but may also be dependant on 
activity or clay mineral type. Thus it is not surprising that the 
values obtained in this survey do not conform to those given by 
Dennehy (1976) as typical of British illitic clays.
Dennehy (loc.cit) gives a critical moisture content (^crit) for 
typical British clays which can be approximated by the equation -
/ > wcrit =* 7 + V 3 .wt
while results of tests on remoulded white chalk indicate a critical 
moisture content of between 3 and 5% less than the liquid limit, 
or approximately -
wcrit « -4 + wt
From the discussion of the meaning of chalk liquid limit values, 
and their relationships with particle size distribution in non-active 
soils (Section 3.1.2), it is clear that two distinct mechanisms control 
a cohesive soil if its plasticity is gradually reduced by the addition 
of non-cohesive fines. At high plasticity, the clay minerals control
the shear strength, since behaviour is'dependant on the amount 
and properties of the adsorbed water and on the ability of the clay 
particle structure to absorb water. Silt particles act as ”;plumsn 
and do not influence soil strength because they are not in contact.
Because the inert silt does not contain moisture, an increase in 
silt content leads to a reduction of shear strength at a given 
moisture, content since the moisture content of the active soil 
fraction is increased. Thus plasticity and critical shear strength 
are reduced by the addition of silt to clay.
With further increases of silt contact, the point is reached where 
intergranular contact is established by the silt. At approximately 
this point, the sample ceases to be saturated until it approaches 
its liquid limit, and therefore the critical moisture content falls 
a few percent below this value . It appears from Figure. 3.2.1/5- 
that this point of change may occur between 10 and 15% clay content 
(by dry weight) when the volume occupied by the clay and water would 
be about 30% of the total volume. Thus the moisture content/undrained 
shear strength results of sample 1C, containing only 57,2% calcium 
carbonate, fall well away from the rest of the results in Figure 3.2.1/4 
while grey chalk results from samples 2C, 7C and 41C taken from the 
zone of Holaster subglobosus tend to fall at the base of the group 
of white chalk results, giving critical moisture content only 1 or 2% 
lower.
Initial saturation percentages are given in~ Appendix B, and indicate 
that the compaction achieved with the hydraulic extruder was uniform, 
regardless of initial moisture content. Figure 3.211/3. shows percentage 
saturation and dry density plotted as a function of moisture content, 
showing that typical samples achieved between 85 and 95% saturation; 
or less than 5% Air Voids. From this it appears .that the 0u. values 
occur as a result of dilatency during shearing,leading to cavitation.
A sample achieving a high dry density would also be highly dilatant 
during shear, as a result of particle interlock, and might be expected 
to be undergoing pore water cavitation at maximum deviator stress.
Cavitation would be expected -
(a) to maintain a constant negative pore pressure of
o
about - 80 to 100 kN/m‘
(b) to reduce the B value to zero.
In this way changes in total confining pressuiebetween stages would 
be expected to give identical changes in effective confining pressure 
and thus in this state the undrained anglaof friction, 0U, approximately 
-equals the effective angle of friction 0 f.
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3.2.2. CBR/Moisture content relationships
Because of the high permeability of chalk fines, and their
high remoulded coefficient of consolidation values,
California Bearing Ratio values must be dependant on 
specimen preparation methods as well as upon the particle 
size distribution of the material. Therefore in this 
study only three CBR/moisture content relationships have 
been determined, one for the Cenomanian Holaster subglobosus 
chalk from Oxted, and two from the Senonian chalk of the 
M25 Dartford-Stanley link. (Button Street embankment and 
sample 4C - taken from the A20 cut).
All the samples were effectively reduced to fines before 
testing. Sample 41C, from Oxted Quarry, was dried and 
precrushed with a motorized mortar and pestle. The 
sample was then progressively made wetter, and CBR values 
obtained. In conjunction with this test, undrained triaxial 
compression specimens were also prepared and tested as reported
in 3.2.1. Figure 3,2.2/1 shows the CBR value as function of 
moisture content. The curve shows the same trends as found by 
Kanellakopoulos (.1974), with apeak CBR value in this 
case of about 180%. Wet of 14% moisture content CBR values 
drop rapidly, giving less than 1% CBR at 23% moisture content.
When minimum CBR values are compared with undrained 
triaxial results on this material, as in Figure 3.2-.2/2 
it can be seen that the relationship between the values 
remains fairly constant over a wide strength range. From 
this it appears that
Cu (KN/m2) = ?_12
• CBR(7.)
and thus an undrained shear strength of 40KN/m is equivalent 
to a CBR of 3-6%.
Two further sets of tests were made. In the first, 
material from the top of the Button Street embankment on 
the Dartford-Swanley link was tested as received from site 
(with no oven drying). Some small lumps of intact chalk
remained, but when compacted twice at the same moisture 
content (16.5%) little change in CBR value was obtained 
and since the intact chalk was very soft it is there­
fore reasonable to assume that the remaining intact 
lumps had.no significant effect on the strength.
The sample was wetted up to about 19% and then progressively 
air dried. The variation of CBR value as a function of 
moisture content has been plotted in Figure 3’2‘2/3 .
Unlike the Cenomanian chalk, or the results of Kanellakopoulos 
(1974 ), a dramatic increase in CBR value was not obtained 
when the sample was progressively dried, the maximum being 
only about 30%.
These results from Button Street embankment are confirmed 
by subsequent tests made on ground chalk, sample 4C, from 
the A20 Cut. The grading of the material used in the 
tests is shown in Figure 3.2.2/4 and this can be seen to have 
been composed of about 70% silt sized or finer particles.
As with sample 41C from Oxted, the chalk was dried, 
crushed and progressively wetted up. The trend of 
CBR values with increasing moisture content can be seen in 
,Figure 3.2.#5which shows fairly uniform strength of 35-45%
CBR up to about 18% moisture content. Beyond this,. once again 
a rapid fall-off of strength occurs down to a CBR value of 
about 1% at 22% moisture content.
CBR tests carried out on the material after air drying from 
22% gave consistently lower strengths, with values between 
26 and 37% CBR. It is probable that this occurred because 
of weak particle aggregation (formation of peds) during 
drying. Upon loading with the CBR plunger such 
aggregates would be expected to crush. If this mechanism 
is correct, then it may explain the lower results of the 
Button Street chalk, which was dried on site from a 
moisture content greater than 30%.
The latter two tests indicate that the content of 
intact chalk fragments in a fill may significantly 
improve CBR strength. To test this, a further test 
■'was made using 20% ground chalk (sample 4C) mixed 
with 80% by weight of intact chalk of 5-lOmm size.
The CBR values obtained at 14.4% moisture content 
were 49.5 and 43.0%. ;
Whatever the effects of intact particles, at low 
moisture content crushed chalk provides anadequate 
bearing capacity, particlarly since Road Note 29 insists 
on the use of 450mra of road construction to allow for 
its frost susceptibility.
The point at which it rapidly JLoses its strength might 
be expected to occur at the same moisture content as 
given by low undrained triaxial shear strength values. 
Reasonable agreement with these values was obtained for 
samples 41C and .4C, but not for the Button Street 
embankment test. The reason for this is not known.
The results are sfiown in Figure 3.2.2/6.
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3.2.3. Effective Strength Parameters
Seven factors might be expected to influence the effective strength 
'parameters of remoulded chalk
(a)
(b)
(c)
(d)
(e)
(f)
The coefficient of friction of calcite 
The clay content
Density and / or moisture content. 
Particle size distribution 
The presence of intact chalk 
Recementing
In addition, the method of test may influence the results obtained.
As an example, Kanellakopoulos (1974 ) obtained considerably higher
cohesion intercept values when shearing remoulded chalk containing 
20mm intact lumps of chalk in a 60mm shear box, than when the chalk 
was ground down and the intact material thereby eliminated. Other 
factors, such as effective confining pressure almost certainly 
have a significant effect on the angle of friction (see Stroud 
(1971)) Bishop (1966)). •
The coefficient of friction of calcite under saturated conditions 
has been reported by Horne and Deere (1962) as 0.60-0.68. Under 
shearing at constant volume several authors have suggested 
relationships between 0!cv and the coefficient of interparticle 
friction, 0p, which Skinner (1969) has briefly reviewed. These 
relationships are:-
tan 0'cv « rt/2 tan0p . . . .  . .plane strain (Caquot(1934)
Sin0fcv ss 3 /2^1 • • . . .  .plane strain(Bishop(1954)>
Sin0fQv -  15n
( I0 f3 j i )
triaxial comp.(Bishop 
(1954))
^cottv • cos^ 2  - cos \
sin^ . - sin ^2
2
itriaxial comp*(Horne(1969))
where
2 ^ 3  + sin2^  + 2cos2^  - ‘2^  + sin2 ^  + 2cos^ 2  
where ^ 1  «  %rt - 0  ji
These equations give 0!cv values (for a coefficient of friction of 
0,60.-0.68) of 43-47°, 50-58° and 38-40°.
Lake (1976) has.considered that the effective stress parameters cT and . 
01 have a limited range for chalk because of the particle friction and 
that 0!txl = 0'p (i.e. 31° - 34°)
None of these hypotheses seem to agree with experimental results 
obtained by Skinner (1969) for shear tests on smooth spherical 
particles. In these tests it was shown that when the coefficient of 
friction of dry glass ballotini was increased (by a factor of more than 
5) by flooding with water, large rapid fluctuations in shear load 
appeared indicating a probable change from particle sliding to rolling, 
but that no change in strength was apparent. Skinner therefore has 
conclusively shown that the effective angle of friction of a granular 
soil mass is likely to be dependant on particle shape and grain size 
distribution rather than its basic frictional properties.
Two examples of chalk stress-strain behaviour are shown in Figure 3.2.3/1 
and were obtained from consolidated undrained triaxial compression 
tests with pore water pressure measurement. Sample 1C is a clayey 
S.varians chalk (CaCo3=57.2%) from Sundon in Bedfordshire , while 
sample H O C  is a fairly typical H.subglobosus chalk, with a calcium 
carbonate content of 93.3% and a liquid limit of 30%. The clayey 
sample 1C shows the normal smooth evolution of principal stress ratio 
with strain, while sample HOC appears to give the sort of results 
obtained by Skinner. Whereas in Skinner*s tests continuous 
monitoring of shear load was carried out using transducers and a 
logger, in these tests only discrete measurements of deviator stress 
were made and the fluctuations probably occurred much more rapidly 
in practice than the results of the test would suggest. It is noticeable
that at high strains the fluctuations of principal 
stress ratio tend to cease, making the assessment of 
strength parameters rather more consistant if conventional 
discrete measurements are to be taken.
All the results in Table 8 were obtained from 38mm diameter 
triaxial specimens tested in consolidated undrained triaxial 
compression . Specimens were prepared’ by grinding chalk ♦-
in the Tema mill and then adding moisture to bring the
material to firm consistancy. In eight out of the ten
2 'cases the effective consolidating pressure was lOOKN/m , and
in most cases saturation could be achieved with a back pressure 
. 2
of 300KN/m . Figures 3.2.2/2 and 3.-2.2,/3 and show Mohr circles at
principal stress ratio failure and maximum deviator 
stress failure. Despite the wide range of calcimetry, intact 
density (and therefore presumably particle size distribution) 
and plasticity the range of effective angle of friction is only.-
29.8° - 38.9° (max, principal stress ratio)
29,0° - 33,4° (max deviator stress) assuming c'*=0
No doubt part of the larger scatter of maximum principal stress 
ratio $' values occurs as a result of the fluctuations noted 
above,
The dependence of the consolidated undrained effective angle 
of friction with other properties appears complex. Relations 
between 0*cu and
(a) moisture content of the remoulded chalk during shear
(b) dry density 11 . " ” " ” ”
(c) calcium carbonate content
(d) intact chalk dry density
all show slight correlations in the expected directions 
(Figure 3.2.3/4) the most marked relationship being between 
remoulded dry density and $*cud. However, the dependence 
of $*cud on these properties is probably too slight to merit 
concern.
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3.2.4. The time dependency of effective strength 
At the outset of this study it was considered that recementing of 
chalk fill was unlikely to be a significant mechanism in its 
improvement with time, at least on an engineering time scale, and that 
the dramatic increase of strength often seen on site was entirely 
attributable to dissipation of excess pore pressure generated by over 
compacting chalks whose natural moisture content exceeded their liquid 
limit.
To test this hypothesis a large number of 38mm diameter by 76mm long 
specimens were made up from a single batch of chalk. The chalk was 
obtained from the Micraster coranguinum zone at the A20 cutting 
between Farningham and Swanley in Kent. Its chemical composition 
by weight was found to be:-
Calcium carbonate (CaCo^) 98.10%
Silica (Si02) 0.81%
Magnesium carbonate(MgC0 3) 0.52%
Alumina (AI2O3 ) 0.17%
Iron Oxide (Fe^O^) 0.10%
99.70%
Saturated moisture content 32%
Liquid Limit 26%
Plastic Limit 21%
The chalk was oven dried at 105°C, and crushed dry to pass the No.7
sieve (approx. 2mm) using a motorised mortar and pestle. Batches 
of dry crushed chalk were mixed with measured volumes of water to 
give an initial moisture content of 25%. Each specimen was made 
by placing about 170grams of wet chalk in a 38mm dia. cylindrical 
mould and pressing it in a hydraulic extruder until it achieved
3
a height of 76mm giving an initial dry density of about 1.60Mg/m . 
This state of compaction can befcompared with the results of a 2.5kg 
rammer (Standard) compaction test on the same material, shown in 
Figure 3.2.4/1 which gave an optimum moisture content of 23% with a' 
maximum dry density of 1.55Mg/m^.
Specimens were immediately extruded from the former, wrapped in 
•aluminium foil, waxed and weighed. The weight of each specimen was 
marked on the wax to the nearest O.lg , and sets of 3 specimens 
were then sealed in small plastic sample bags. These sample bags 
were stacked in a metal biscuit tin, which was finally sealed with 
heavy duty self-adhesive plastic tape.
At the time of testing each specimen was reweighed while still 
wrapped with foil and coated with wax. In all cases no weight loss 
could be detected even after 320 days of storage.
Upon unwrapping 'the specimens it was found that some chalk stuck to
the foil. Weight loss due to this 17as generally less than 5 grams
3giving an innaccuracy of about 0.05Mg/m of dry density because the 
sample was assumed to be a right cylinder of dimensions 38.1 x 76.2mm. 
Further differences in density occurred due to small differences in 
the quantities of- chalk used in preparing the specimens.
Fifty four specimens were tested over a period of about 11 months,
Each set of three specimens were sub jected to consolidated undrained
triaxial compression with pore water pressure measurement. Samples
2were saturated with a back pressure of 400 kN/m , and were then
isotropically consolidated under effective pressures 40-50, 100 and 
2200 kN/m . Shearing was carried out at a standard machine rate of 
strain of 4.8%/hour. Since t100, obtained from the consolidation 
stage, \?as generally less than 4 minutes and failure (by maximum 
deviator stress) occurred at about 20% strain, this rate of strain 
was more than adequate to allow pore pressure equalisation across the 
sample. (See Bishop and Henkel (1962).
Immedia.tely after the completion of the tests, the proving rings used 
were recalibrated. The proving ring factor used in the analysis of 
the results was the factor at the specific failure stress. Polynomial 
regression analysis was carried out on the values of p* (=(o^f+a 
and q (=(a^ - obtained from the 54 tests and gave the
following results (for p f correct) -
Degree Coefficients
(q=aQ + a1 .pt + a£ (p1)2 + a3 .(p')3)
ao . al a2 a3 R
1 7.505833 0.584538 . - - 0.9977
2 3.664494 0.613131 0.00004 - 0.9978
3 -4.470329 0.714528 0.00040 3.7x10~7 0.9980
Thus assuming a linear failure criterion gives average values of
C 1 - 7.51 kN/m2
0 1 * 35.77°.
The results also indicate a slight decrease in 0 f with increasing 
confining pressure such that, approximately -
p* 0 !(degree 2 ) 0'(degree 3)
(kN/m ) (degrees) (degrees)
0 37.82 45.60
100 37.50 42.71
200 37.18 40.49
\ 400 36.55 37.86
600 35.92 37.42
Test results are shown in Tables 9 to 14 , and a typical
result is shown in Figure 3*2'4) 2  •
On the basis of the linear regression results, using sin 0* =0.584538,
a value of effective cohesion intercept was calculated from the 
equation-
c 1 = q - p 1.s in0 1.
for each test result. When plotted against the time for which the 
sample was stored after preparation and before testing the results 
indicated an increase in effective cohesion intercept with time.
The amount of increase depended on the effective angle of friction used 
in calculation, smaller values of 0 f tending to give higher cf values
but the trend remained the same. Figure3.2,4/3 shows that when the value
of 0* of 35.77 was used.the effective cohesion intercept appeared
2 2to increase on average from 3kN/m to iOkN/m over the first 
80 days of storage.
It was concluded that this result might not be real, perhaps because 
of an unfortunate trend of moisture content decrease with time of 
test, a trend of increasing density of later samples. Figures3.2.4/4 
and3.2.4/5 show plots of c 1 as a function of density and moisture 
content, and indicate very poor correlations between these variables.
It seems, therefore, that the effective cohesion intercept is time 
dependant and can increase significantly over a relatively short 
period. The only possible mechanism seems to be one of solution and 
redeposition of calcium carbonate.
Field evidence for such a process has subsequently been encountered in 
UlOO samples taken from a borehole in chalk fill near to Button Street 
underbridge on the M25 Dartford-Swanley Link in 1977. During close 
examination of the material at this location while trying to determine 
the causes of local pavement damage it was noticed
that where minute voids, of the order of 0.5 to 2.0mm wide, could be
detected there were deposits of a white material. This white material 
showed up because the compacted chalk had been discoloured by the 
inclusion of very small quantities of sand clay and iron staining and 
under a hand lens this white material appeared to have two structures-. 
In the first instance a wavy laminar structure was observed, but in 
some places the material appeared to be far less compact and had the 
appearance of "cotton wool".
A sample was air dried and examined at low magnification using a 
Vickers microscope. However, it was found that the field of vision 
of this instrument was too limited. A further sample was then 
examined with a Cambridge Stereoscaascanning electron microscope.
Some problems were encountered in gold-palladian coating the samples, 
and as a result many of the photographs do not possess the usual 
clarity to.be expected from an electron microscope. However,
Figures 3.2.4./8-3.2.4/11 show -
(a) samples of intact chalk from the approximate area from which 
the Button Street fill was obtained.
(b) an area of exposed intact chalk, showing several coccoliths 
and fragments (photograph No. 8949 and 8948)
(c) micrographs -of'"cottonwool" (seen to be aragonite) at 
magnifications between x76 and x3850 (photogaphs Nos.
8943, 8952, 8942 and 8940)
(d) micrographs of wavy laminar structure, seen at high 
magnification to consist of compact aragonite crystals 
(photographs Nos. 8956, 8947, and 8953)
(e) aragonite crystals interpenetrating the original ground mass 
of compacted chalk. (Note end view of aragonite crystals) 
(photographs Nos. 8950, 8951A, 8951 and 8954).
Aragonite is the preferred form for chemically precipitated calcium 
carbonate, and indeed for many biologically formed deposits. As 
far as carbonate secreting organisms are concerned, Lowanstam (1954) 
has demonstrated that the particular polymorph deposited is 
temperature dependent, aragonite only being deposited at higher 
temperatures.
.TABEE 9
TIME OF TEST 
AFTER PREPARATION 
(DAYS)
MOISTURE
CONTENT
(%)
DRY
DENSITY
(Mg/m3)
EFFECTIVE STRESSES AT MAX.
DEVIATOR STRESS j
p* (kN/m^) (kK/m^) J
0 26.7 1.52 53.3 35.3
26.0 1.52 78.2 48.2
-
26.2 1,51 104.5 63.5
1 25.4 1.56 161.5 100.1
25.5 1.55 221.5 133.5
25.5 1.51 209.5 122.5
16 25.4 1.57 201.7 125.7
24.9 1.59 313.1 188.1
24.7 1.57 413.8 245.8
20 24.9 1.56 171.2 102.2
24.8 1.59 292.4 174.4
24.4 1.58
'
448.3 266.3
37 24.4 1.59 246.5 154.5
* 24.2 1.58 357.9 216.9
23.9 1.61 568.9 336.9
41 (1.57) 181.1 114.1
(1.55) 197.0 121.0
- (1.56) 412.4 243.4
43 25.2 1.56 217.5 136.5
24.6 1.57 328.9 196.9
24.8 1.55 461.4 271.4
85 25.1 1.59 243.3 152.3
25.0 1.61 310.9 190.9✓
V 1' 24.7 1.61 447.2 270.2
86 26.3 1.56 172.5 111.5
25.1 1.60 279.2 172.2
24.9 1.57 464.9 284.9
87 24.8 1.59 404.2 247.2
25.3 1.60 £82.3 180.3
24.4 . 1.60 568.0 334.0
177 25.2 1.57 139.8 89.8
25.1 , 1.57 . 181.1 .. 112.1
■ 25.0 1.58 300.1 185.1 __J
Bracketed Dry Density values calculated assuming moisture content
TABLE 10
TIME OF 
-TEST AFTER 
PREPARA'TIOL
(DAYS)
'
DRY 
DENSITY 
(Mg/m )
. .
STRAIN AT 
FAILURE 
(ltN/m )
.
DEVIATOR 
STRESS AT 
FAILURE 
(kN/m2)
TTimir nrnniiin i mrinmririmrmni <■
CHANGE IN PORE 
WATER‘PRESSURi 
DURING SHEAR 
sz (kN/m2)
:
Af
> ........  I1 1 1
0 1.52 20.0 70.7 +22.0 +0,31
1,52 20.7 96.5 +68.0 +0.70
1.51 19.9 126.9 +157.0 +1.24
1 1.56 20.0 200.3 -21.0 -0.10
1C55 20.4 267.0 + 10.0 +0.04
1.51 20.0 245.0 +1113.0 +0.46
16 1.57 20.0 251.4 -44.0 -0.18
1.59 20.1 376.2 -31.0 -0.08
1.57 20.3 491.5 +24.0 +0.05
20 1.56 20.7 204.4 -34.0 -0.17
1.59 20.0 348.8 -20.0 -0.06
1.58 20.6 532.6 + 12.0 +0.02
37 1.59 20.0 309.0 -59.0 v O . 1 9
1.58 18.8 433.8 -49.0 -0.11
1.61 17.5 673.9 -41.0 -0.06
41 (1.57) 20.1 228.2 -33.0 -0.4
(1.55) 20.7 242.0 +16.0 +0,07
(1.56) 20.1 486.9 +23.0 +0.05
43 1.56 20.2 273.0 -49.0 -0.18
1.57 20.5 393.7 -41.0 -0.10
1.55 20.2 542.8 + 1.0 +0.00
85 1.59 19.5 304.5 -54.0 -0.18
1>61 20.2 381.9 -28.0 -0.07
1.61 19.8 540.4 +16.0 +0.03
86 1.56 19.9 223.1 -30.0 -0.13
1.60 20.3 344.4 -10.0 -0.03
1.57 17.4 569.7 +11.0 +0.02
87 1.59 20.4 494.4 -122.0 -0.25
1.60 18.1 360.6 -11.0 -0.03
1.60 19.0 668.0 -43.0 -0.06
177 1.57 20.1 179.5 -9.0 -0.05
1.57 20.6 224.1 +22.0 +0.10
1.58 20.2 370.3 +77.0 +0.21
TABLE 11
Ba8gttattgaasa»^w sffi5i^ j8B8iinE»fflaaftisaiMOaB«aMiBatCTM^^
I AFTER
PENETRATION
(DAYS)
16
!0
37
41
43
85
86
87
177
DRY
DENSITY
( M g / m ^ )
1.52
1.52
1.51
1.56
1.55
1.51
1.57 
1.59
1.58
1.56
1.59
1.58
1.59
1.58 
1.61
(1.57)
(1.55)
(1.56)
1.56
1.57
1.55
1.59 
1.61 
1.61
1.56
1.60
1.57
1.59
1.60 
1.60
1.57
1.57
1.58
EFFECTIVE
CONSOLIDATION
PRESSURE
(Kn/m2)
40
100
200
'40
100
200
40
200
200
40
100
200
40
100
200
40
100
200
40
100
200
40
100
200
40
100
200
40
100
200
50
100
200
FINAL
VOLUMETRIC
STRAIN
(%)
t-lGQ____
FROM si T i m  
PLOT (Mins)
itmiwin hihifhiii
0.12 
0.35 
1.38
o;i7
0.69
1.15
0.23
0.92
1.27
0.23
0.57
1.96
0.17
0.86
1.55
0.23
0.63
1,90
0,17
0.52
1,21
0.17
0.69
0.75
0.17
0.40
3.22*
0.29
0.98
5.47
0.46
0.46
1.61
0.5
1.1
2.6
1.7
1.5
1.3
1.0
0.4
1.6
0.6
1.4
4.7
1.4
4.7
7.4
2.1
1.6
10.8
2.8
2.3 
2.6
1.1
5.0
1.0
9.2
2.6
3.7
7.0
6.6
3.4
+ Possible slow leak
TABLE 12
TIME OF TEST DRY EFFECTIVE STRESSES AT MAXIMUM 1
AFTER ‘ MOISTURE DENSITY DEVIATOR STRESS.
PENETRATION (CONTENT (Mg/m3)
(DAYS) (%) 2
pf (kN /m ) q f (kN./m )
'
178 24.9 1.60 192.4 122.4
. 24.7 1.56 248.2 157.2
24.4 1.61 418.0 252.0
185 (1.61) 218.0 141.0
. - (1.58) 270.4 172.4
- (1.54) 449.4 267.4
214 24.5 1.59 184.5 117.5
24,2 1.63 277.8 168.8
23.9 1.58 427.9 255.9
214 25.1 1.59 189.5 122.5
24.7 1.60 270.8 167.8
24,2 1.62 592.1 361.1
318 25.1 1.59 233.8 141.8
25.4 1.61 189.1 116.1
24.8 1.57 461.0 276.0
318 24.6 1.59 240.8 149.8
24,5 1.57 258.2 161.2
24.3 1.58 464.8 279.8
322 .. (1.52) 144.6 93.6
- (1.50) 133.4 85.4
(1.52) 277.8 172,8
Bracketed dry density values calculated assuming moisture contents of 
25% (185 days) and 26% (322 days).
TABLE 13
!time of test
AFTER
PREPARATION
(DAYS)
DRY
DENSITY
(Mg/nr*)
STRAIN AT 
FAILURE 
(%)
DEVIATOR 
STRESS AT 
FAILURE 
! (kN/m )
|CHANGE IN PORI 
[WATER PRESSURI 
DURING SHEAR.
1 (kN/ra2)
Af.
178 1.60 20.1 244.7 - 29.0 -0,12
1.56 20.3. 314.3 Partially Draj ned
1.61 20.0 504.0 + 25.0 +0.05
185 (1.61) 20.1 281.9 - 35.0 -0.12
(1.58) 20.6 344.7 - 7.0 -0,02
(1.54) 19.2 534.9 + 8,0 +0.01
214 1.59 20.0 234.9 - 23.0 -0.10
1.63 19.8 337.6 - 17.0 -0.05
1.58 19.9 511.8 + 20.0 +0.04
214 1.59 20.1 245.0 - 27,0 -0.11
1.60 20.2 335.7 - 13.0 -0.04
1.62 15.8 722.2 - 41.0 -0.06
318 1.59 17.7 283.6 + 1,0 +0.00
1.61 20.3 232.1 - 26.0 -0.11
1.57 18.8 552.0 +. 6.0 +0.01
318 1.59 20.6 299.5 - 51.0 -0.17
1.57 19.9 322.3 - 8.0 -0.02
1.58 19.1 559.6 + 4,0 + 0.01
322 (1.52) 20.0 187.2 - 7.0 -0.04
(1.50) 19.6 170.9 + 44,0 +0.26
(1.52) 19.8 345.5 + 88.0 +0.25
TABLE 14
r  • - - ■ .  .  ,
TIME OF TEST DRY EFFECTIVE FINAL t100
AFTER DENSITY CONSOLIDATION VOLUMETRIC M O M  JTIME
PENETRATION (Mg/m ) PRESSURE STRAIN PLOT (MINS)
(DAYS). (JcN./m .) (%)
-•"■t * ’ TvTTTffmr rr*9—^ —n—r mnnminrpiin'
178 1.60 50 0.35
1.56 100 0.98
1.61 200 1.67
185 (1.61) 50 0.81
(1.58) 100 1.67
(1.54) 200 2.01
214 1.59 50 0.35 7.6
1.63 100 0.92 1.3
1.58 200 1.73 2.7
214 1.59 50 0.58 1.4
1.60 100 0.52 0.8
1.62 200 1.78 0.9
318 1.59 100 1.67
1.61 50 1.04
1.57 200 3.11
318 1.59 50 0.92
1.57 100 1.38
1.58 200 1.61
322 (1.52) 50 0.23
(1.50) 100 0.81
(1.52)
H ■■■ i i ■ — m rm iM n ii.IT  itiin*
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INTERCEPT
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COEFFICIENT OF COMPRESSIBILITY, Mv, OF 
3 8  mm 0  CONSOLIDATED UNDRAINED TRIAXIAL 
COMPRESSION SPECIMENS
Fig:- 3 -2 -4 /S
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375 0 0
16 43 3 7
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PORE PRESSURE COEFFICIENT, A , VALUES AT 
FAILURE OF 38mm 0 CONSOLIDATED UNDRAINED 
TRIAXIAL COMPRESSION TEST SPECIMENS
Fig:- 3 2 -4 /7
3989 x 1300 3936 x 6600
M25 Dartford -  Swanley Li nk Sam ple No. 4 -  In tact chalk from  C lem ent S t  -  
Church Road C ut , showing high percentage of preserved co cco lith s  and large 
proportion of voids ind ica tive  of so ft cha lk .
8949 x 1700 8948 x 8500
M25 Dartford -  Swanley L ink , Bu tton  S tree t Borehole N o .3. 8949 shows that 
com paction  has removed voids seen in 3989 above, but large frag m en ts  and 
in tact c occo l i th s  s t i l l  rem a in  (8948) .
Fig:- 3 2 4 /8
8943 x 76 8952 x  81
M25 Dartford -  Swanley L ink , Button S treet Borehole N o .3 , sam ple  "C o ttonw oo l" 
at low m a gn ifica tion , seen to cons is t of long s tra ig h t arogonite c rys ta ls  b ridg ing  
over voids between compacted cha lk . Both m icrographs show traces o f the wavy 
lam inar s tru c tu re  at the edges of the co ttonw oo l.
In 8952 a crysta l of 0 .25  mm length is v is ib le .
r*;
. <,Mv-
8942 x 378 8940 x 3850
Same specim en as above. C rys ta ls  at higher m a g n ifica tio n  showing 
irregu la rities  along the ir length.
Fig>3-2-4/9
M25 Dartford -  Swanley Link 
Button S treet Borehole N o .3 ,  
sam p le . Low m a gn fic ia tion  v iew  
of wavy lam inar structure standing 
about 1 m m  h igh .
8947 x 715
D eta il o f edge of s truc tu re  in 8956, 
w hich is seen to co n s is t o f a dense 
packing of c rys ta ls  s im ila r  to those 
of the "c o tto n w o o l".
8957 x 1680
D eta il o f edge o f s tructure  in 8956
8953 x 2260
D eta il o f edge o f wavy lam ina r 
s truc tu re , showing greater d e ta il 
of ind iv idua l f ib re s , w h ich  are seen 
to be more regular in th is  a rea .
Fig:- 3 - 2 - 4 / I 0
8950 x 4130 8951A x 4130
M25 Dartford -  Swanley L ink , Button S treet Borehole N o .3, sam p le .
A re a  of sam ple not densely covered by recrys ta lised  m a te ria l, showing new 
c rys ta ls  interpenetrating o rig ina l c a lc ite  g ra in . Note c ro ss -sec tio n  o f c rys ta l 
in bottom r .h .s .  of 8950 and si ze of c rys ta ls  in 8951A re la tive  to  c o c c o lith .
A Iso note overgrowth of c a lc ite  c rys ta ls  by very fin e  linear aragonite in 8951A.
8951 x 8120
D eta i l of bottom  r igh t hand si de 
of 8950, showing at centre  end-on 
v iew  of c rys ta l of a ragon ite .
8954 x 370
Low m a g n i f ic a t io n  o f i n f i l l i n g  of 
v o id s .  O rig ina l c a lc i te  can ju s t  be 
d isce rned  at centre  o f m ic ro g ra p h ,  
beh ind rec rys ta l ised a ra g o n ite .
Fig:- 3-2-4/II
3.3,1 Pedometer Consolidation Tests
Four oedometer consolidation teste were carried out on the crushed 
4C chalk. The results of these rests were processed by minicomputer 
(using a programme written by the -author)- and are shown in Table 15 
Asterisks against coefficient of consolidation (Cv) values 
indicate that, after allowances for machine compressibility, no more 
than 2 vertical compression readings were taken in the first third
of compression, since this occured in the first 30 seconds after 
load application. It can be seen that during the 24 load stages 
carried out, only one occurred slowly enough to.give reliable Cv 
values. All other values were calculated from the 15 and 30 second 
readings, and are therefore probably inaccurate and smaller than the 
real values,
Cv values were tightly grouped: -
2
Min Cv, 22.1 m /year
2Max. Cv. 53.0 m  /year
Av. Cv, 34.8 m^/year
These values indicate that even in chalk fill where the original
structure has been completely destroyed, the consolidation mechanism
is unlikely to be significant after the end of construction, except
in the case of very high embankments. Taking a coefficient of
2
consolidation value of 35 m /year, and an embankment top width of 
35m (approximately the width of three lane motorway with hard shoulders 
and central reservation), the following times were calculated for 
50% and 90% consolidation:-
Embankment height (m) Time for 50% Time for 907o
consolidation . consolidation
(Ux,z(50)) (Ux z(90))---------------  -----  . -     „ .. — fr,-..,  
5 12 days 2 months
10 1% months 8 months
15 2% months l k years
20 5 months 2 years
2Similarly for Cv - 20 m /year
Embankment height Time for 50% Time for 90%
(m) consolidation consolidation
- (Uxtz(50)) (CJx,z(90))
5 20 days 3 months
10 2% months 12% months
15 5 months 2 years
20 8 months 3% years
Compression curves shown as void ratio v. log (pressure) in Figure 3.3. 
indicate a high degree of locking, which is accentuated when the 
coefficient of compressibility (rav) is plotted as a function of 
consolidating pressure, in figure 3.3.1/2, Although initial
t
void ratio does play some part in cempressibility, its significance 
is obscured since moisture content also has an important role in 
locking, which appears to be the important mechanism in the control 
of compressibility. Thus the driest sample (90%) had rthe highest 
void ratios and also showed the second lowest compressibility. The 
lowest compressibility values were derived from the densest sample 
(23%). The major difference between the samples was noted when 
material was initially mixed to about its natural moisture content, 
(31%), which is about 4% wet of the liquid limit. Under these 
conditions the sample underwent compression without the application 
of measurable vertical pressure, and showed marked curvature on the 
void ratio v. log (pressure) plot. All other samples gave linear
void ratio v. log (pressure) relationships, but the values were
not coincident, and did not appear to be becoming so up to a pressure 
2
of 800 KN/m . This behaviour emphasises the granular nature of 
chalk, and also indicates that the flow slide phenomenon reported 
by Castro (1969) may be significant in degraded chalk, since shear 
stress might cause rapid collapse of the locked structure, if it were 
saturated.
As has been stated, coefficient of compressibility (mv) values showed 
a high level of stress dependency, while still being dependent on 
moisture content and dry density. Using the maximum- compressibility 
values, the following consolidation settlement values have been 
calculated on the simplified basis of zero lateral yield at the centre
of an embankment.
Height of embankment (m) Settlement (mm)
2.5
5.0
10.0 
20.0
125
150
225
350
It is unlikely in practice that chalk will be totally crushed during 
excavation and compaction, and therefore in a normal embankment 
much higher coefficients of consolidation would be expected due to 
the layering effect of compaction and due to lack of saturation.
These tests have therefore shown that consolidation is not likely 
to a significant problem since -
(a) . consolidation occurs very rapidly, even in badly degraded chalk
(b) the total magnitude of settlement is not large, even for
completely remoulded chalk. The presence of intact chalk lumps 
in small quantities , would tend to reduce compressibility.
In general, where consolidation is to be investigated the oedometer 
should not be used since the sample size is -
(a) too small to allow reasonable determination of Cv..
(b) too small to allow for inclusion of intact chalk particles of
significant size.
CONSOLIDATION TEST 1
Moisture Content (%) 
Voids ratio 
Specific gravity 
Swelling pressure
Pressure IcN/m^
0 - 26.825
26.825-53.650
53.650-107.300
107.300-198.505
198.505-402.375
402.375-799.385
CONSOLIDATION TSST 2
Moisture content (%) 
Voids ratio 
Specific gravity 
Swelling pressure
2
Pressure kN/ra
0 - 26.825
26.825-53.650
53.650-107.300
107.300-198.505
198.505-402.375
402.375-804.750
Initial Final
8.963 24.240
0.833 r 0.734
2.700
E Cv Mv
m /yr _;m2/MN
0.808 32.352* 0.518
0.789 44.578* 0.388
0.786 22.102 0.028
° - 773 32.676* 0.079
0.754 31.334* 0.054
0.734 27.213* 0.028
Initial Final
18.858 22.675
0.784 0.650
2.700
E Cv Mv,
m2/yr m^/MN
0.744 46.521* 0.816
0.729 33.474* 0.336
0.709 ".'31.931* 0.214
0.692 23.139* 0.107
0.671 32.194* 0*062
0.650 33.967* 0.030
TABLE 15a. Results of oedometer tests on crushed chalks
CONSOLIDATION TEST 3
Initial Final
Moisture content (%) 22.577 20.708
Voids ratio 0.680 0.614
Specific gravity 
Swelling pressure
2.700
2Pressure lcN/ra E 9 C v Mv
m /yr. m^/MN
0 - 26.825 0.657 53.048* 0.509
26.825-53.650 0.651 43.723* 0.136
53.650-160.950 0.637 52.376* 0.077
160.950-268.250 0.632 31.218* 0.030
268.250-429.200 0.626' 36.850* 0.024
429.200-799.385 0.614 24.965* 0.019
CONSOLIDATION TEST 4
Initial Final
Moisture content (%) 31.205 23.382
Voids ratio 0.971 0.694
Specific gravity 2.700
Swelling pressure
2
Pressure kN/m E Cv
m^/yr
9Mv_v.
m^/MN
0 - 26.825 0.809 37.073* 2.897
26.825-53.650 0.778 41.139* 0.648
53.650-107.300 0.755 38.201* 0.245
107.300-198.505 0.738 35.936* 0.103
198.505-402.375 0.714 24.801* 0.067
402.375-799.385 0.694 24.177* 0.030
TABLE 15b. Results of pedometer tests on crushed chalks
Void
Ratio
0 .9
0.8-
19%
19 %
0 .7 -
2 3 %
100 1000
Consolidating Pressure (kN /m 2)
(a) Compression Curves
U
(Mg/m2)
1.6-
zero a ir voidsO
1 .5 -
1 .4 -
~r
20 m/c (% )
(b) Initial density and moisture contents 
of samples.
OEDOM ETER CONSOLIDATION TESTS
Fig:-3-31/1
1.0-
0 . 5 -
 0—
8 0 07 0 06 0 04 0 0 5 0 0
Consolidating Pressure (kN/m 2)
100 3 0 0200
COEFFICIENT OF COMPRESSIBILITY (mv) AS A 
FUNCTION OF CONSOLIDATING PRESSURE FOR
OEDOMETER TESTS ON CHALK SLURRY.
Fig:- 3 -3 - I /2
32%
2 .8 9 7
(m2/M N )
19%
2 3 %
0 .5
1.4 1.51.8 1.6
COEFFICIENT OF COMPRESSIBILITY (mv) 
AS A FUNCTION OF DRY DENSITY (JfD) FOR 
OEDOMETER TESTS ON SLURRY CHALK.
3.3.2 250mm diameter "Rowe11 cell consolidation tests 
As part of an investigation into the self-settlement problem, chalk 
auger tailings were taken from the Darent Embankment of the Dartford 
Swanley link, from holes made for standpipe installations. At the 
time of drilling the chalk emerged from the hole with a slurryrlike 
consistency, fairly similar to the state at which it was tested in the 
experiments reported in this section. A particle size distribution 
on the material is shown in Figure 3.3.2/1.
Two consolidation tests were carried out, details of which are given 
in Tables 16 to 19.* . Problems were encountered with these
tests and several of the coefficient of consolidation values there­
fore seem doubtful. Test 1 was carried out with backpressure equal 
to atmospheric, and using an air-water cylinder fed by air 
compressor to apply the vertical cell pressure. At one stage in the 
test the air water cylinder became drained of water, and air travelled 
to the top of the cell, migrating through the membrane to the chalk 
specimen. This prevented volume change measurement.
In an attempt to overcome this problem test 2 was carried out at an
2elevated backpressure of 400kN/m provided by a second air-water 
cylinder. In this test the specimen was placed under water, and care 
was taken to expel all air from beneath the membrane when this was 
placed in position. However, the small quantities of water re­
maining beneath the membrane and the specimen at the start of the test 
gave problems when saturation of the specimen was checked, and also 
invalidated the pore pressure and height change readings. Despite 
the above problems, the values of both coefficients of consolidation 
and compression confirm those from the oedometer tests.
+ doubtful values are not included.
Coefficient of compressibility values have been shown plotted against, 
effective consolidating pressure, as with the oedometer results, 
in figure3 .2 .2 ./2, and indicate similar trends.
av.
min.
Max
Oedometer
34.8
22.1
53.0
Rowe Cell 
38.9 
10.2 
73.7
ROWE CELL CONSOLIDATION TESTS
• TEST 1 TEST 2
Initial moisture content (%) 29.9 33.8
Initial dry density (Mg/m**) 1.42 1.41
Final moisture content (%) 20.9 22.0
3
Final dry density (Mg/m ) 1.78 1.69
Both tests carried out on slurried chalk, taken from the holes drilled 
for piezometer installation. Measured as received moisture content of 
samples from the cut area were in the range 26 - 35% (average = 30.2%) 
with saturated moisture contents in the range 29 - 39% (average = 33.2%).
TEST 1
ROWE CELL CONSOLIDATION - DARTFORD /SWANLEY
Method to £50 priginal Height Ti-me Factor Cv Mv
obtain t^Q mins, Ho# mm. T^q m^/yr. m^/yr.
2 2 First Load Stage: Cell Pressure = 50kN/m Back Pressure - O.kN/m
Height Change 44 69.8 0.20 11.63
Volume Change 50 69.8 0.20 -.10.24
2 2
Second Load Stage: Cell Pressure = 150kN/m Back Pressure = O.kN/m
Height Change 9 64.8 0.20 49.05
Volume Change —  —
Pore Pressure
Dissipation 22 64.8 0,38 38.12
2 2
Third Load Stage: Cell Pressure = 300kN/m Back Pressure = O.kN/m
0,20 145.40* 0.11
0.20 42.41 0.05
This value doubtful due to air trapped in sample.
N.B. Back pressure equal to atmospheric. Problems of air migration through 
loading membrane, as load held by air compressor.
Height Change 2.8 62.3
Volume change 9.6 62.3
0.76
0.45
3.09
1.43
TEST 2
ROWE CELL CONSOLIDATION - DARTFORD/SWANLEY
Method to 
obtain t5Q
fc50
mins.
Original 
Ko. mm
Height Time factor Cv 
T50 m2/yr.
Mv
m^/MN
First Load Stage: Cell
2Pressure = 450kN/m Back Pressure = 400kN/m^
Height Change 15 75.7 0.20 40.07 3.92
Volume Change 110 75.7 0.20 (5.46)+ 3.40
Pore Pressure 
Dissipation 280 75.7 0.38 ( 4.08)+ - .
Second Load Stage;: Cell 2Pressure = 550kN/m Back 2Pressure = 400kN/m
Height Change 12 60.9 0.20 32.36 0.17
Volume Change 8 60.9 0.20 48.54 0.20
Pore Pressure 
Dissipation 18 60.9 0.38 40.99 -
Third Load Stage:
2
Cell Pressure ** 700kN/m
2
Back Pressure = 400kN/m
Height Change 9 59.3 0.20 40.92 0.04
Volume Change 5 59.3 0.20 73.65 0.04
Pore Pressure 
Dissipation 2.35 59.3 0.38 (297.75)* -
Doubtful values due to excess water on top of chalk slurry. Slurry 
tremied into cell beneath deaired water to avoid air problems found in Test 1.
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ROWE CELL CONSOLIDATION TEST
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3,3,3 600mm diameter rock compressiblity tests.
To determine the compressibility of chalk which is not badly degraded 
during excavation, placing and compaction, a series of large 
diameter compression tests was carried out on samples of chalk 
initially up to 'lOGmm block size. The apparatus used was not 
sophisticated, consisting of a 600mm dia. x 60Oram high steel ring, 
coated on its inside surface with enamel, and placed on a concrete 
base, (See Figure 3.3.3/8) The base of the sample was sealed using 
bitumen, which was poured inside the ring, and mastic which was 
placed around the perimeter of the ring at its junction with the 
concrete. Loading was achieved using standard plate bearing test 
equipment, the load being measured with'a hydraulic load cell.
Values of force were converted to pressure after adjustment for the 
self weight of the platen and packing pieces placed below the load 
cell. The sample was jacked against a steel frame which passed 
under the base of the confining ring. Initial experiments were 
made with a constant hydraulic pressure system, but as this was 
found to be unreliable the load was subsequently held constant by 
hand.
Deflections under load were measured at four points about 50mm 
from the edge of the specimen. As no deflection readings were 
obtained at the centre of the specimen, a series of plates (600mm, 
450mm and 300mm dia,) were used to reduce the differential movement 
across the top of the specimen.
The chalks used in the tests was obtained from a stockpile adjacent 
to the A20 on the M25 Dartford/Farningham cut on the A20, which appear 
to be in the zone of M.coranguinum, and had similar properties to 
sample 4C.
At the start of each test the specimen was particle sized by hand.
The gradings for the tests are shown in Figure 3.3,3/1, The chalk
was then soaked overnight, before being placed in the apparatus in
layers and compacted. Tests 1 and 4 were carried out on the chalk
at about 29% moisture content with loads of 25, 50, 100, 200 and ,
2362kN/m , the last load being the limit of the load cell (10 Tons).
In tests 2 and ,3, upon completion of the loading the sample was un­
loaded and flooded, and the loads reapplied up to the previous maximum
In Test 2, which had a percentage air voids after initial loading of 
39.9%, a collapse of 8.69% of the height was noted. In Test 3, with 
a percentage air voids of 19.4% the collapse was only 1.38%of the 
height after dry compression.
Tests 5, 6 and 7 were flooded before loading, in an attempt to discover
if the presence of water modified the compressibility of the chalk.
Once again the load was applied in stages of 25, 50, 100, 200 and 
2
362kN/m , each load being held constant until movement under its 
influence had sensibly ceased; a period of 24 hours.
Data from the seven tests is shown in Figures 3;3.3/2 to 3,3.3/7, 
as follows:-
Figure 3.3,3/2 and % height decrease as a function of
3.3.3/3 vertical stress
% height decrease at a given vertical
stress level as a function of initial
percentage air voids
Coefficient of compressibility (mv) as a 
function of the dry density before each 
load increment.
Figure 3,3,3/7 Percentage height change/log cycle (Creep
factor, (C.sec)) as a function of the dry 
density at the end of each load stage.
It is concluded from these tests that:-
(a) The majority of compression of loose chalk fill occurs
virtually instantaneously upon load application. In these 
tests compression could be divided into two phases -
Figure 3.3,3/4 and 
3.3.3/5
Figure 3.3.3/6
(i) "instantaneous”
(ii) Creep.
-Instantaneous compression was substantially complete after 
1 minute in all stages of all tests.
(b) Creep or secondary compression could only crudely be measured 
because a: constant pressure system was not used. Surprisingly 
the results, seen in Figure 3.3.3/7 where .
Csec = ( ^t ~ lOOOmins ^t = I0mins)/2.*t: = lOmins.
do not show a trend of decreasing creep with increasing 
density. They show that creep increases with increasing 
stress level, and they also indicate that creep may be smaller 
under flooded conditions.
Creep factor (Csec) values range from 0.1 up to 0.6% of
the sample height/log cycle. As an example, over the load
period of 24 hours with Csec taken as 0.5%/log cycle, creep
accounts for roughly 20% of the total compression in Tests 1
2
and 2 upon loading from 200 to 362 kN/rn ,
(c) Peak coefficient of compressibility values appear to be.
2strongly dependent • on density, decreasing from about 1.7m /MN
3 2
. < ,at a dry density of 0.8Mg/m down to 0.2m /MN at a dry density 
3
of 1.3Mg/m , If the chalk used in these tests was compacted
to 10% air voids at 29% moisture content it would achieve a
3
dry density of 1.36Mg/m . Using the compressibility values 
of Test 3 (at about 20% air-voids) a 15m high embankment would 
only suffer a total of 200mm self settlement, and this would have 
little significance since it would occur immediately upon loading,
(d) The complete flooding of the sample had little effect on its 
total compressibility(^/Ho) at any of the stress levels tested 
(see Figures 3.3.3/4 and 3.3.3/5. The evidence suggests a 
strong correlation between compressibility and intial voids ratio; 
although the curves are shown as (Ho v. % air voids it
should be noted that for Tests 5, 6 and 7 the percentage of air 
voids would have been much reduced before testing by flooding, 
and therefore percentage air voids during the test would not 
give a good correlation with compressibility.
There is a threshold of vertical stress, below which particle 
crushing is not significant. Thus values of coefficient of 
compressibility (mv) obtained for each stage of the test tend 
to increase with load, (see Figure3.3,3/6)except in initially 
very loose samples where significant density increases occur and 
are followed by a decrease in compressibility.
Taking Test 5, where the material used was of uniform size with
D50 ^ 80mm, the vertical crushing load appears to have been
2
within the range 25-50kN/m . Since this is a very much lower 
stress than might be expected for tensile block splitting it is 
assumed that the increased compressibility occurred as a result 
of failure of the particle contacts. This view is reinforced 
by the evidence, which suggests that at higher densities 
maximum compressibility is achieved at higher stress levels.
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"Chalk used in 600mm dia. compression tests” 
Results of sieve analyses.
Si - start of test no.l 
E4 - end of test no.4
Fig:-3*3-3/.!
<7V (kN /m 2 )
200100 3 0 0
Test
Test * 4
10 -
Test n
20-
Test 2
—  (°/ 
Ho W
INITIAL
M O I S T U R E  C O N T E N T  
O F  C H A L K  L U M P S
B U L K  D E N S I T Y
D R Y  D E N S I T Y
F L O O D E D  A T
%  C O L L A P S E
%  AIR V I O D S  
A F T E R  C O M P A C T I O N
TEST*I
2 9
I I I
0.86
43.2
T E S T  *2
2 9
1.17
0.91
3 6 2
8.69
3 9 . 9
T E S T ‘*3 
2 9  
1.57 
1.22 
3 6 2  
1.28 
19.4
T E S T  *4
2 7
1.31
3 4 . 0
Mg/m3
1.03 M g / m 3
—  k N / m 2
%
6 0 0  mm DIA. COMPRESSION TESTS 
MICRASTER CORANGUINUM -  A20 CUT -  DARTFORD 
SWANLEY LINK
Fig:- 3 -3-3 /2
200 3 0 0100
Test 7
10-
Test **5
20-
20
AH
Ho
TEST% TEST %  TEST *7
IN IT IA L  •  '
MOISTURE CONTENT 2 7  2 7  2 7  %
OF CHALK LUMPS
BULK DENSITY 1.02 1.31 1.51 M g /m 3
DRY DENSITY 0.60 1 .03  1.19 M g/m 3
FLOODED AT 0  0  0  kN/m2
%  AIR VOIDS 4 8 .8  3 4 . 0  2 3 .8  %
AFTER COMPACTION
«  NOT EQUAL TO SAMPLE m /c DURING TEST, DUE TO FLOODING BEFORE COMPRESSION.
6 0 0  mm DIA. COMPRESSION TESTS 
MICRASTER CORANGUINUM -  A20 CUT -  DARTFORD -  
SWANLEY LINK.
Fig:- 3 -3 -3 /3
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40 %  Air Voids
600m m  DIA. COMPRESSION TESTS
MICRASTER CORANGUINUM -  A20 CUT -  DARTFORD-  
SWANLEY LINK
Fig:- 3-3-3/5
m2/MN
J ,
2.0-
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0 7
Tests 1 to 4  "
_ II
Dry —
Tests 5 to 7 Flooded
O 4 .9 - 25 k N /m 2
”+■ 2 5 - 5 0 kN/m 2
x 50 — 100 kN/m2
100 - 2 0 0  kN/m2
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Upper bound of 
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Test I x
*  ' Test 6
Test 7
Test 3Test 4
4 8 %
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Fig:-3-3-3/6
Csec
%  /log 
cycle A
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Dry Density , JfD > ( Mg/m3) (fin a l)
6 0 0  mm DIA. COMPRESSION TESTS
Fig:-3 -3 -3 /7
600 m m  diam eter com pression te s t apparatus.
Fig:-3-3-3/8
3,3,4 MRoweu Cell Collapse Tests
As a result of observed disorders in embankments on a number of 
major highway projects it was concluded that the self settlement 
of chalk fills could occur as a collapse upon wetting up during 
autumnal rain (see sections 4.1).
This mechanism was therefore tested in a series of MRowe,! cell 
tests, mostly on chalk taken from the A20 cut of the M25 Dartford- 
Swanley Link, Initially it was postulated that collapse upon 
flooding occurred as a result of effective stress decreases weakening 
the contact points between lumps of intact chalk, leading to a 
crushing failure at these points.
To test this hypothesis single size (10-20mm) material was extracted 
from a number of samples from the A25 Dartford-Swanley Link whose 
locations were as follows:-
A20 Cut - Dartford-Swanley samples 8,9,10(lntact Chalk)
. ‘A20/M20/M25 - Bulk samples of chalk fill obtained from
beneath batter paving to interchange bridge. 
U100 samples of chalk fill obtained from 
boreholes by Kent County Council shell and 
auger rig.
A20 Stockpile - Sample 4C.
The test material was obtained by sieving out and gently washing 
the desired size material, and also by breaking larger lumps by 
hammer where necessary, ' The chalk lumps were then.saturated.
L
Initial experiments aiming to saturate the chalk were notsuccessful. 
After soaking the material overnight in de-aired water at ambient 
pressure a moisture content of only 20% was obtained. Finally 
the material was successfully saturated by placing it in de-aired 
water in a vacuum chamber overnight and then allowing the chalk 
time to take up moisture upon removal of the vacuum. With this 
method a moisture content of 30.6% was achieved in a trial.
In the first five tests single size lumps of clean chalk were 
saturated and then laid out to air dry in a large tray (about 1 .0m 
x 0.5m plan area).
Under these conditions the outer portions of the chalk lumps were 
expected to lose a great quantity of moisture while leaving the 
centre of lumps saturated. Final (average) moisture contents of 
between 9 and 29% were achieved.
The chalk lumps were then placed in the Rowe cell in layers and
compacted with a variety of compactive efforts to give a range of
percentage air voids (Va(%) = (----) x 100)) between 60 and
Gs lUU
20% at the start of the test. Details of the test preparation 
methods are given in Table 20.
In the first 15 tests carried out the sample was compacted on top 
of a cintred (porous) bronze disc and a further disc was placed 
over the top of the sample before the assembly of the top of the cell, 
However, some tests were seen to give linear cr^ v. ^ ^ H o  curves, 
while hard materials (see Tests 23-25 on sample 51C) or heavily 
compacted material gave results which strongly resembled those of 
Blivet and Gestin (1974) (for example see Test 11). After some 
time it was concluded that results of this nature were the product 
of a "dished" top of the sample at the end of compaction. Upon 
further investigation it was noted that the edge restraint of the 
apparatus tended to lead to a stronger denser annulus of compacted 
chalk at the periphery, which under relatively heavy compactive 
effort was significantly higher then the sample centre except 
when exceptional care was taken during sample preparation. As a 
consequence the top porous disc was placed in bending under the 
initial load, and since vertical strain was measured at the centre 
of the sample only, the chalk appeared to be highly compressible 
under low load, but subsequently to be relatively incompressible.
Subsequent to Test 15, the top cintred bronze disc was replaced by 
5 Whatmans filter papers. These were far less effective as 
drains but were highly flexible and prevented the dishing effect 
from influencing the test results.
After compaction in the Rowe cell, the samples were subjected to
2increases of vertical pressures of 20, 50, 100, 150 and 200kN/m ,
with the sample vented to atmosphere at top and bottom. Each
pressure was held until vertical displacement sensibly ceased,
normally a period of 15 minutes. In order to deliver pressure
under the high rate of volume change experienced in the compression
stages, the vertical pressure was applied by compressed air,
controlled by a pressure regulator, through an air/water cylinder
Even with this sytem;' the applied, pressure . • : -
usually fell to zero for a short period under the initial bedding
2
vertical cell pressure of 20kN/m .
After achieving the highest pressure and allowing compression 
to cease, the sample was flooded by injecting water at the base 
until it emerged air-free at the top. The top of the sample 
remained vented to atmosphere, but during the tests a variety of 
pressures were tried at the base. It was found that the pressure 
applied at the base of the sample during flooding did not influence 
the amount of collapse, and no swelling of the sample could be 
detected at the end of collapse provided this pressure was kept 
below about 75% of the applied load. The collapse appeared to 
be immediate upon wetting, no significant collapse being observed 
after air ceased to exit the top of the cell.
After the initial five tests were complete it became apparent that 
although a collapse mechanism had been identified, the percentage 
air voids necessary to give collapses of the orders observed in 
the field would be so high as to be very unlikely in practice.
(See Figure 3.3.4/1) Below 20% air voids less than 1% collapse 
would be expected.
Following this, test number 6 was carried out on a mixture of .fines 
and well graded chalk in the proportions -
J'srd by weight 1 0-20mm diameter
/<3rd by weight 5-l0mm diameter
)^rd by weight 0-5mm diameter
The material was mixed with water to bring it to a moisture content
of about 27% and was then air dried overnight, turned in its tray
and finally placed in a warm oven for 30 minutes. The chalk
by this stage consisted of intact lumps coated with relatively dry
fines, the majority of the moisture being held inside the intact
lumps. As can be seen from Table 20 , the chalk was lightly
compacted, to give about 45% air voids, before compression. Upon
2
flooding at 200kN/m with 40.4% air voids, 13.6% collapse occurred, 
almost twice as. much as occurred for 60% air voids with single size 
clean intact chalk'. It was therefore concluded that the collapse 
phenomenon is principally caused by dry chalk fines rapidly losing 
shear strength upon contact with water, and thus allowing_ the sample 
to subside. Further tests therefore used a sample which was 
initially made by smashing saturated chalk with a hammer until it 
formed a putty. The material was oven dried, for 30 minutes, and 
lumps over 6mm were then removed by sieving. The particle size 
distribution of this material, as used in Test 7, can be seen in 
Figurec/1 to consist of about 50% silt..
In all subsequent tests a similar material was used and was prepared 
by mixing up to about its liquid limit and then drying down to the 
initial test moisture content. The remaining tests were carried 
out in an attempt to find (a) a correlation between an easily 
measureable variable and the percentage of collapse experienced, and
(b) the stress dependency of the collapse.
Test 7 to 22 inclusive were carried out on chalk finer than 6mm.
Tests 7 and 8 were carried out on chalk at 15.7 and 12.8% moisture 
content respectively, compacted to give air voids 'percentage 
of 37.7% and 39.7% at the test start. In subsequent test numbers 
9 to 20 material was initially at a higher moisture content, 
typically between 18 and 22%. The amounts of collapse experienced 
upon flooding are shown in Figure 3,3.4/1 and indicate a maximum 
percentage height loss numerically of the order of one half of the 
percentage air voids present in the sample before flooding.
Results from Tests 18 and 19 indicate that this collapse is not 
dependent on the stress level to which the chalk is compressed before 
flooding. In view of the observed locking occurring in chalk under
compression, and seen at least in.the initial, stages of these tests, 
it is concluded that the peds produced by drying the chalk were 
strong enough to resist both compaction and compression forces.
Barden (1972) concluded that in Kaolin this strength was derived from 
high suctions, which are subsequently destroyed by the addition of 
water. However, chalk does not contain an appreciable clay content, 
and might therefore be expected to disintegrate upon tor.al drying, 
as is found with other silt. The fact that oven dried remoulded 
chalk has considerable strength suggests some other mechanism.
Test 20 to 22 inclusively gave much lower amounts of collapse upon 
flooding than their predecessors. Initially it was supposed that this 
occurred as a result of incomplete flooding, since it was very much 
more difficult to pass water through the specimen when the top 
centred disc was replaced by filter papers. However, moisture 
contents taken on chalk from the centre of the sample after the test 
showed that the state of the samples were comparable with those of 
previous specimens, having 4-7% air voids. Closer observations of 
preparation during the subsequent tests revealed that in breaking 
down the chalk after drying much more attention was given to reducing 
the material to a finer size than in previous tests. In this way 
the metastable peds were very largely eliminated, leading to a reduction 
of the collapse experienced upon flooding.
Tests 23, 24 and 25 were carried out during the development of this
test programme. They gave similar shaped compression curves to
those of Blivet and Gestin (1974), with the great majority of
vertical compression occurring during initial load application.
The material used in these tests was ChalkRock from Mere in Wiltshire
3(sample 51C) which with a dry density of 2.45Mg/m represents one of 
the hardest chalks sampled in this study. The material was initially 
crushed in a motorised jaw crusher to pass a 20mm sieve, and then 
was used successively in Rowe Cell tests 23, 24 and 25 and then ko 
test 2. Vertical strain v. vertical stress plotted for the 102mm 
sample in section 3.3.5 can be compared with the 254mm diameter Rowe 
Cell results to show the difference in seating compression between 
these tests.
% Air Voids at
Test lOOkN/m'2 200kN/m‘2 test start
Rowe Cell Test
23
24
1.78
4.30
2.41
2.38
4.88
2.77
37.7 
30.5
1.725
ko Test
2 0.57 0.72 12.0
These results were not immediately appreciated, but are now seen 
to confirm the observation of dishing of the top of the specimen during 
compaction in the Rowe Cell. In the ko triaxial consolidation 
test, the sample was prepared using a compaction machine and the 
top and base was smoothed off before being placed in the cell for 
testing. Seating errors would therefore be expected to be small.
The material used in Tests 23 to 25 was not only hard when intact, 
but also compacted dry. Since it was not completely clean, 
containing 15% silt by weight, some collapse might be expected.
The fact that virtually none occurred supports Bardonfs mechanism 
of pedal collapse.
Since the majority of the specimens tested in this series initially 
had a high percentage of air voids, it is not surprising that 
compression occurred virtually as rapidly as load could be applied. 
Vertical loads were usually held for 15 minutes, but over 90% of the 
vertical compression normally occurred within the first two minutes 
of load application. In the light of this rapidity, compression 
seems of secondary significance.
Figures 3.3,4/3(a) and 3.3.4/3(b) show plots of coefficient-..of
O
compressibility derived from a'load increase from 100 to 200kN/m 
against initial percentage air voids, and initial dry density. 
Traditionally these two parameters are used to judge compaction of fill 
in an "end-result" specification, although most British chalk earthworks 
are now controlled by the method statements of clauses 601 et.seq.
of the Department of Transports "Specificition for Road and Bridge
Works", The tests indicate compressibilities on the range 0.02 
2
to 0.5 m /MN, and show that with decreasing air voids, or increasing 
density, compressibility is significantly reduced.
Values for Tests 23 to 25 (Chalk Rock samples) gave: -
Test No.
23
24
25
These tests indicate a truism: that at a given air voids content
a hard chalk will tend to be less compressible than a soft chalk. 
Surprisingly, despite the very different properties of the two 
materials, the dry density values still seem to give a reasonable 
indication of compressibility.
YDi Va mv
Mg/m^ %  m^/MN
1.46 37,7 0.061
1.63 30.5 0.058
2.29 1.7 0.036
TEST NO. SAMPLE PREPARATION
r
APPLIED COMPACTION
1 Saturated graded l0-20mm, clean sub- 4 x 1kg layers 12 tamps per layer from
angular chalk, air dried overnight. 2.7kg 145mm <• tamper.
2 Saturated graded 10-20mm clean sub - 
angular chalk, air dried overnight, 
oven dried 10 mins.
As Test 1
3 Saturated graded 10-20mm clean sub- 
angular chalk, air dried overnight, 
oven dried 45 mins.
As Test 1
4 Saturated graded 10-20mm, clean sub- 
angular chalk. Surplus water removed 
with rag.
As Test 1
5 Saturated graded l0-20mm, clean sub- 
angular chalk, air dried overnight, 
oven dried 30 mins.
4 x 1kg layers Proctor Compaction with 
136 blows per layer.
6 Saturated graded 33% 0.5mm, 33%
5.10mm, 33% l0-20mm, coated with chalk 
fines, air dried overnight, oven 
dried 30 mins.
As Test 1
7 Saturated putty chalk in peds <6mm 
air dtied overnight, oven dried 30mins.
As Test 1
8 As Test 7 4 x 1kg layers vibrated on concrete 
vibrating table.
9 As Test 7 8 x 500g layers 25 tamps per layer with 
2.7kg 145mra ♦ tamper.
1° As Test 7 8 x 500g layers 50 tamps per layer with 
2.7kg 145ram $ tamper.
11 As Test 7 As Test 10
12 Saturated putty chalk in peds <6mm 
air dried overnight.
As Test 10
13 As Test 12 As Test 10
14 As Test 12 8 x 500g layers 60 tamps per layer with 
145mm ♦ tamper.
15 As Test 12 10 x 500g layers 60 tamps per layer with 
2.7kg 145mm ♦ tamper.
16 As Test 12 5 x 1kg layers lmin. with vibrating hammer 
per layer.
17 Saturated putty chalk in peds <6mm 
Oven dried 60 mins.
8 x 500g layers 50 tamps per layer with 
2.7kg 145mm ♦ Tamper
18 Saturated putty chalk, air dried over­
night, ground into fines.
As Test 10
19 As Test ,18 As Test 10
20 As Test '18 As Test 10
21 As Test 'is As Test 10
22 As Test 18 As Test 10
i XD Samples with fines O Clean 10— 20 m m  Chalk
Collapsed at IO O k N /m 2 4 -  Samples of fines
Collapse at 3 0 0 k N / m 2 x  Samples of fines
%  Collapse
upon
Flooding
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22
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Voids Before 
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ROWE CELL TESTS
COLLAPSE OF CHALK FILL AS A FUNCTION 
OF % AIR VOIDS
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3,3,5 Poisson’s Patio - ko consolidation tests
Previous attempts at determination of ko for compacted chalk by 
Blivet and Gestin (1974) suffered from major defects (apparently not 
recognised by the authors) due to residual compaction stresses and 
to platten restraint problems. The tests presented here were 
therefore carried out in the triaxial cell using a mercury lateral 
yield indicator system* the strains & 2 j ^*3 maintained at zero
as far as was possible.
Tests were carried- out on two chalks -
Sample No. Dry Density Sat.m/c L.L Zone
 _____________ Hg/m^ % % _________
51C 2.45 4 22 Holaster planus
(Chalk Rock)
4C 1.43 33 26 Micraster
coranguinum.
The material used in the test was as follows-
Test No. Chalk Sample Particle Compaction m/c .Dry Initial
No. size __________ 7o Density Air void
1 51C Tema crushed
2 51C 20mm down
3 4C Tema crushed
4 4C Tema crushed
Test 1 was carried out on Chalk Rock from Soil Fertility (Dunns) Ltd., 
Quarry at Mere. The material was ground in a "Tema1’-T100 
laboratory disc mill to produce the grading shown in Figure J)/l.
In this test the 100mm dia. x 200mm/sample formed by B.Sl’Standard" 
Compaction (2.5kg rammer) was compressed under increasing , major 
and minor principal stresses which were manually controlled in order 
to attempt to prevent any lateral strain ( ^3 )*
The specimen was loaded in stages, each vertical load being held 
constant until no further vertical strains were observed, and no 
further modifications of the cell pressure were required to maintain 
zero lateral yield as indicated by the mercury column on the lateral 
yield indicator. -The time required for cessation *
Std. 5.0 1.77 26
Std. 5.0 2.07 12
By hand 16.6 1.31 30
By hand 12.2 1.34 34
of strain, with drainage from top and bottom of the sample, was 
usually about 5 minutes.
Detailed results of these tests are given in Appendix D where 
figures show -
(a) the stress path followed by each test.
(b) a plot of a2 * as a function of G-j1 during each test
(c) vertical strain as a function of vertical stress during each 
test.
It was not always possible to control the sample to produce zero 
lateral yield conditions, especially during the early stages of the 
test when the probable ko values were not known. Considering that
a 0 1 value of around 35° was very likely, Jaky (1944) would predict -
ko » 1 - sin0! =* 0.43
while Hendron (1963) would give -
i X l  + ^ / 8  - 3.^/8.Sin0'l 
k° “ h \_l -JV'fi + 3 sin0'_ = 0 -32
but the test gave a value of 0.26, equivalent to a 0 1 value based on 
Jaky * s equation of 48°.
Vertical strain was of the order of 2% for a major principal stress 
2of about 600 kN/ra , This value is of significance to the Rowe Cells 
*
collapse and compression tests since the pilot collapse tests 
(Nos.23-25) were carried out on the same chalk, A comparison of 
the tests with the Rowe Cell tests on sample 51C leads to the 
conclusion (also stated in 3.3.4) that the vertical strain measurements 
given by Blivet and Gestin (1974) are largely a function of either 
load platten bending or bedding in at the edge of the sample due to 
a dished top surface at the end of compaction. From this it becomes 
clear that increasing compaction does not necessarily produce a 
more compressible soil. (Blivet and Gestin (1974) state "On remarque
que, plus la craie .est'’reraaniee”, .plus le tassement est important. 
Ainsl plus la structure du materiau est modifi^e par des compactages 
successifs, plus la densification sous charge statique est elevee").
Test 2 was carried out on precisely the same material used in Rowe.
Cell Test No. 25, Chalk Rock from Soil Fertility (Dunns) Ltd.,
Quarry at Mere, Wiltshire, broken down'to pass the 20mm sieve. The 
grading of the material is shown in Figure d /5 , Appendix D,
and shows the effective stress path and principal stress/strain 
curves for the test. Unfortunately the drain taps were not opened 
at the start of the test, and therefore a much higher value of ko, 
equal to 0,58, resulted in this undrained phase of the test.
Upon venting the specimen to atmosphere (at the start of the p 1 »
%  2 160 kN/m stage, with a^1 == 220 kN/m ) ko decreased and \?as seen
to be about 0.41 by the end of the test.
The results of major principal stress/strain measurements can also
be seen plotted in Appendix D, Once again they show the low
compressibility of the specimen, with only 1,1% vertical strain 
2
under 600 kN/m vertical stress. Of this strain at least 0.5% 
may be due to bedding errors. A comparison of this result with 
the similar result from Test 1 shows that Test 2 underwent about 
50% of the compression shown by Test 1, This may be due either 
to -
(a) the greater percentage of air voids in Test 1 (26% as 
compared with 12% in Test 2)
or
(b) the greater proportion of intact chalk in Test 2 (32% 
coarser than 1mm. as compared with 2% in Test 1).
Tests 3 and 4 were carried out on ground chalk taken from the M25 
Daftford-Swanley Link, which was air dried to its test moisture content 
The material was subsequently used in the Rowe Cell collapse 
experiments 21 and 22.
In Test 3 Micraster coranguinum chalk from the A20 cut (sample 4C) 
was made up to a slurry (probably about 30% moisture content), air 
dried and then broken up. The resulting mixture, of fines and peds 
were compacted in five layers to form a 102 x 200mm high sample with 
a wet weight of 2500kg. The chalk had an average moisture content 
of 16.6% at the start of the test, giving 18% air voids.
2
After an initial bedding pressure of 20kN/m applied as cell
pressure, the deviator stress was increased. However at this stage
no amount of increase in cell pressure appeared to prevent the
sample from straining laterally. The cell pressure had been increased 
2
to 1641cN/m before it was noted that the lateral strain indicator was 
at the end of its travel; at this stage the cell pressure and 
deviator stress were removed, the cell emptied of water and the null 
indicator made to work correctly.
Upon reloading the sample the apparatus functioned correctly and gave 
a ko value of 0.55,
At the end of the ko compression stage flooding of the sample was
attempted, initially using a burette applied to the top of the
2sample giving a water pressure of about 5kN/m . (0.5ra head). Under
this influence the sample collapsed by 2.04% of its height before
flooding, having already undergone a height reduction of 3.63% under.
the influence of previously applied vertical stress (see Appendix p).
It was apparent that the sample might not be completely flooded, and
2
so the back pressure was increased in four stages up to 105kN/m .
Under this infuence the cell pressure had to be increased to maintain 
zero lateral yield and the sample underwent further height reduction 
of 5.82% of its height before flooding. Some of this height reduction 
may have been attributable to an increase in major (vertical) principal 
stress in the final loading up to 448kN/m^, but from the ov1^ A H /ho 
plot this would be expected to be less than 0.4%. Lateral yield 
during flooding was negligible (0.1 div. of the mercury indicator).
Because of the problems of flooding in Test 3, Test 4 was compacted 
of similar chalk, but a sand drain was bored .centrally 100mm down 
from the top of the sample, using a 15mm dia, wood auger. The hole
was filled with dry Leighton Buzzard .density sand. Once again a
2
bedding pressure of 20kN/m was used.
Hie sample was then stressed to produce zero lateral yield.
Increments of deviator stress were successfully resisted by cell
2
pressure increases, up to about 135kN/ra.. At this stage some
+lateral compression occurred/ equal to about 0.7 div. of the lateral 
strain indicator at o^f = 184kN/m , At 318kN/m^ the compression 
again became significant, at 1,7 divisions. This was gradually 
Corrected over the next 2 stages of the test until before flooding 
the lateral compression was once again about 0.7 divisions.
Thus the ko value from this test (=0.4) may be slightly in error.
2
With a vertical stress of 374kN/m the sample was flooded from the
top via the central sand drain using a burette with roughly 0.5m
head of water. Under these conditions a slight increase of cell
pressure was required to prevent lateral yield. This resulted
2in an increase of vertical pressure of about 25kN/m which from
Appendix D might be expected to lead to a height decrease of 0.4%.
The collapse that actually occurred was 7.51% of the height before
flooding, and this was subsequently increased to 8.16% by using a
2back pressure of 20kN/m to encourage flooding.
The value of Poissonfs ratio derived from these tests vary.from 
0.21 to 0 .3 5, but, as has been noted, the test procedures were far from 
perfect. From the results it is not possible to detect any 
dependance of Poissonfs ratio on any of the other parameters measured, 
such as moisture content, density, or air void content. Clearly a 
more comprehensive testing programme, perhaps using a preprogrammed 
apparatus such as the A.P.T.T.system described by Menzies (1977) 
would be desirable.
The main point to arise from these tests relates to Poisson*s ratio 
values during collapse as a result of flooding. It might be expected 
that upon flooding collapse in the three principal stress directions
4*
1 division = 0,05mm increase in sample diameter 
= £ 3  a 0.05% strain.
would be proportional to the magnitudes of the stress. In 
contrast to this Tests 3 and 4 indicate that collapse occurs 
almost exclusively in the direction of the major principal stress, 
and therefore that no modification of the value of Poisson*s ratio 
occurs during collapse.
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Suitability Tests
The suitability of chalk has been assessed from both empirical test 
results and physical properties, the latter relying on unproven 
relationships between these properties and degradability, while the 
former generally have sought to imitate field conditions by applying 
fixed amounts of energy to a known particle size distribution 
of chalk and then measuring strength or particle size distribution 
that result.
The problems in designing such tests is that the property to be 
measured is not clearly defined. It seems likely that the fragility 
of chalk during earthworks construction is largely a function of 
tensile and compressive strength at a relatively small scale, but 
correlation with the normal cylindrical uniaxial tests seems unlikely 
since these tests give results dependent on the weakest part of the 
sample; in the degradation of chalk it is the evolution of fine 
particles and the consequent liberation of pore water which changes 
the behaviour of the fill from free-draining (granular) to saturated 
(cohesive) material having a low enough permeability to prevent 
trafficking loads from producing increases in effective stress and 
strength. Successful degradation tests might therefore tend to 
measure an average strength.
3.4,1 Repeated Compaction Tests
Tests of this sort have been reported by Puig (1573), but in his 
researches the complete moisture content-dry density-CBR strength 
relationships were investigated. Clearly, such a process is 
prohibitively expensive, requiring typically 5-6 compaction tests, 
and about 30 CBR determinations. At current commercial laboratory 
prices this represents about £250 worth of testing not allowing for 
sample preparation, and this would prevent sufficient testing to allow 
an assessment of the variability over a site during routine site 
investigation.
The procedure adopted in this work was therefore to take a single 
grading of material in the size range 10-20mm, and resaturate it under 
vacuum to bring it close to its saturated moisture content determined 
from its dry density. The chalk was then compacted using Proctor 
effort (BS 1377:1975 test no*. 12) and a C. B. R, carried out top and
bottom* After compaction and CBR testing a small sample was taken 
for moisture content determination , this being replaced by fresh, 
saturated l0-20mm chalk as necessary. The same chalk was then 
subjected to repeated compaction and CBR determinations.
Results of tests on samples 3C, 51C, 55C and 56C are shown in
Appendix E, where C. B. R. ( % ), moisture content ('%.),' air voids
3(%) and dry density (Mg/m ) are plotted against number of 
compactions. The test does not seem to be a good one because -
(a) it is relatively insensitive. The range of dry densities of the 
chalks tested was very large, although no very soft chalk was 
included.
Sample No. rD r
(Mg/m )
Satf
ra/c
(%)
L.L.
(%)
Number of compactions to 
CBR<10% Va< 5%
3C 1.55 27 26 c. 6(17.9) 5 (19.2)
3C 1.55 27 26 4 (23.4) 3 (24.0)
51C 2.45 4 20 > 6
55C 1.74 20 27 5 (18.1) 6 (19.0)
56C 1.85 17 31 4 (17.9) 4 (17.9)
Bracketed figures are moisture contents.
+ Derived from dry density
• ^  A B L E -22
Excluding the results from sample 51C (Chalk Rock), the maximum 
number of compactions required to reduce the minimum CBR to. less 
than the 10% value suggested by Puig (1973) can only range from 
1 to 6,
(b) It is difficult to control moisture content during the test to give 
consistant CBR strengths (see Appendix E). Section
3.2.2. has shown that small changes of moisture can have a very 
large effect on the CBR value of chalk fines. The two separate 
tests carried out on sample 3C (M.cortestudinarium-Coulsdon,Surrey)
gave the maximum and minimum number of compactionsnecessary to reduce 
the CBR and. air voids to less than the suggested suitability limits, 
and yet their average moisture contents were about 19 and 23%.
Moisture content values during the test which failed the material 
are shown in Table 22. It is therefore necessary to carry out 
a series of tests to define the dependence of the results for each 
material on moisture content, as suggested by Puig (1973).
One of the findings of these tests also illustrates a further problem. 
In all cases except sample 51C (H.planus —  Chalk Rock, Mere , Wilts) - 
the samples became unsuitable at some time, and yet Table 22 
shows that sample '56c (H.subglobosus - Mere Bypass) had a saturated 
mo$.sture content equal to 14% less than its1 liquid limit, while 
sample 55C (T.lata-Mere) had a saturated moisture content 7% less 
than its' liquid limit. According to section 3.2.1 the undrained 
shear strength of these materials should have been adequate for 
traffickability: the material from which sample 56C was taken was
successfully used in construction. It has been noted in other 
compaction tests that the moisture is not evenly spread through the 
sample at the end of compaction,, as a result of the layering of the 
sample and the pore pressures set up during compaction. It seems 
that the relatively lower strengths obtained in some CBR tests, 
particularly at higher moisture contents, occur as a result of this.
The existance of such a mechanism raises problems firstly because 
excess compaction porepressures may contribute to loss of 
traffickability in the field, and secondly because different delays 
between compaction and CBR testing might be expected to yield differing 
CBR strengths. Thus suitability limits indentified by triaxial 
testing may be too high, particularly when related to specifications 
involving high compactive effort applied with vibratory rollers.
The most promising results from this set of tests are those of 
dry. density. The increase of dry density as a function of compactive 
effort is plotted in various foinas in figures 3.4.1/1 to 3.4.1/4* Loose 
(initial) densities were not measured during the experiments on 
samples 3C, 51C, 55C and 56C, and have been assumed at 0.54 x 
(intact chalk dry density) (see section 3.1.) It can be shown that 
for a soil consisting of single sized spheres the overall dry density
will range between -
Yjj =0.52 x rD particles, 
and 0.74 x particles.
The initial dry density obtained from sample 4C in 600mm 0 compression 
test number 1 (section 3.3.3.) was 0.86 Mg/m^ while test 5 gave 
0.80Mg/m . Both of these tests were carried out on hand placed 
uniform chalk lumps, and give -
Y*D ~ 0.60 x Y q particles (test 1)
= 0.56 x particles (test 5).
Tests on the same chalk in the Rowe cell gave minimum densities 
in the range 0.86-0.89Mg/m^ (section 3.3.4. tests 1 to 3). It 
was therefore concluded that a loose density of 0.54 x the intact 
dry density was a reasonable assumption. Subsequent measurement
on samples 4C, IP and 4P gave loose density values of 0.54,
0.54 and 0.58 x intact dry density.
At the time of analysing these test results it was known that the 
Transport and Road Research Laboratory were investigating the 
Drop Hammer test (section 3.4.3.) In that test the height 
decrease of a sample is plotted as a function of the logarithm 
of compactive effort applied to it. In terms of density -
- Ah ex. loose) “ ^yy* (compacted)
and this function is therefore plotted versus Log^o (number of standard 
compactions) in figure 3.4.1/2 and against Log^Q (compaction,energy/. 
unit mass) in terms of Kg.m./kg wei weight of chalk in figure 3.4,1/4
In the T.R.R.L. moisture conditions apparatus a -7kg rammer is dropped
through 250mm, one blow being equal to 1.75kg.m. In the Drop 
Hammer test for chalk this energy is applied to a kilo of chalk at 
about its natural moisture content.
Initial tests carried out on samples 51C, 56C, 55C and 3C (at two 
moisture content ranges) indicate that -
(a) the evolution of density is a function of evolving particle 
size distribution . Thus the sample 3C tested at 18-21% 
moisture content gives very similar results to the same 
chalk tested at 21-25% moisture content, despite the 
differences in CBR value observed.
(b) the test is able to .distinguish between chalks of markedly 
different densities. The slopes of the (VyD^ - l/y^) 
v. log (compactive effort /unit mass) curves are -
Sample
51C 
56C 
55C
3C (DRY) 
3C(WET)
Intact Dny^ 
Density Mg/m
2.45
1.85
1.74
1.55
1.55
Slope of curve in Fig. 
(taken at Logj^Compaction 
Energy/unit mass)=1.5)
0.075
0.230
0.237
0.290
0.286
However, further tests on weak chalks, using a modified procedure, 
did not give such good results. In the second set of tests 
the following procedure was adopted -
(i) Obtain an approximately saturated sample of 10-20mm sized 
intact chalk particles.
(ii) take moisture content sample
(iii) Place loose chalk in compaction mould and determine 
loose bulk density.
(iv) compact chalk in three layers - 5 blows/layer
2.5kg rammer 
300mm drop.
(v) Measure bulk density
(vi) Recompact material using 7, 15, 27 and 27 blows/layer, 
measuring bulk density after each compaction, and adding
additional fresh material as required
(vii) take a final moisture content.
The recompaction process was carried out rapidly in order to 
minimise moisture loss. Moisture contents at the start and end
of each test were:-
Moisture content at at end
start (%) (%)
4C 33.2 31.6
IP 37.6 37.0
4P 27.5 26.4
The results of the test give:-
Sample Intact^ Slope of Vibrocrushing Test
• Mg/m^ curve (Fig. 3 .4 .1/4)% fines from 30s crushing
4C 1.43 0.343 7/17/53
IP 1.47 0.322 7/49/97
4P 1.56 0.302 7/33/84
These test results show a lack of sensitivity of the method to 
fragility. The fragility of the chalk as assessed visually 
during sampling is confirmed both by hand penetrometer results 
(section 3.4.5) and by vibrocrushing test results shown above.
The reason for this lack of sensitivity remains unknown, but may be 
associated with the high impact force used in the test. Since 
relatively small amounts of fines are required to allow a 
saturated sample to be brought to a low percentage of air voids, 
it seems possible that a higher sensitivity to differences between 
light chalk could be obtained using a lighter compaction hammer.
With the present arrangement the test is apparently more sensitive 
to intact density than to fragility.
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3.4.2. The Vibratory Crushing Test.
The vibratory crushing test (essai de vibrobroyage) was 
originally developed by Struillou in the 1960's and reported by 
Struillou (1973) and Puig (1973), Further work has been carried 
out by Tallon (Private communication - thesis from the Ecole 
Nationals Superieure des Hines not available).
In the original work carried out at the Laboratoire Central des Ponts 
et Chaussees in Paris, a type T100 "Tema" laboratory disc mill(Fig.3.4.2/1 
was used, but the stone and ring normally used in the mill werereplaced 
by a stone weighing 700g and of 50mm diameter and 45mm height. The 
exact procedure is not known, but an approximate idea can be gained from 
Struillou (1973) (Original in French)
"We used a type TlOO vibro-crusher with a solid cylindrical roller made 
from steel weighing 700 grams (h=45mm; d=50nkn), and an operating
time of 30 seconds. The initial particle size distribution adopted was a 
straight line between 5mm(0% passing) and 20mm ( 100% passing). For 
each test we used a constant volume of material weighing P=180.tD.
(Where yD « dry density of the chalk) that is -
P/6 « 5/6.3; 6.3/9; 8/10; 10/12.5'
P/12=* 12.5/14; 14/16; 16/18; 18/20
Before the test the materials were dried, then crushed, sieved on 
vibratory sieves, then washed and then dried again. The test was carried 
out on dry materials, and on materials at various degrees of re. - -
humid i fixation. The evaluation of the quantity of fine elements formed
during the treatment was obtained by weighing the residue up to 1.25mm 
size after sieving manually to this dimension, under a current of 
water, followed by drying".
For the samples not tested dry "the following procedure was adopted
- immersion of the particles for 1 hour in water;
- drying of moist particles and approximate determination of 
moisture content;
- finally, either direct treatment of the moist chalk 
(at 15-26% moisture content), or treatment of the moist
chalk after addition of 250 grams of water into the vibro- 
crusher bowl (giving extreme points at'. 95 to 115% moisture)".
Preliminary attempts to use the test on English Chalk were made by 
Dr. Poole (private communication) at Queen Mary College on .behalf 
of the Berkshire County Council. These tests were not successful. 
Initially a 700gm weight (as described by Struillou) was used, but 
their mill was a type T250 and the chalk was therefore crushed to fines 
within the. 30 second period. Advice .was sought from the Laboratoire 
Central des Ponts et Chaussees, and J.P.Tallon advised that a hollow 
300g weight should be used with the T250 mill, based on his research then 
being carried out at the Ecole Nationale Superieure des Mines with a 
T250 mill. Even after this Dr. Poole and his staff were unable to 
obtain the straight line relationships between moisture content and fines 
reported by both Struillou (1973) and Tallon (Private communication).
Work by the writer started after advice from Dr. Poole of Queen 
Mary College, and after several months of research and comparative 
tests to experiment with different methods of test and different mills 
the following procedure was developed
Preparation
l.Deterraine dry density(normally a minimum of 3 values on rock lumps, 
by displacement method).
2.Oven dry material.
3.Break down chalk lumps to 5 - 20mm size.
4,Pass broken down material through required nest of sieves, eg.
(20 (or 19); 16:13.2; 10; 8; 6.3;5mm).
5.Obtain weight of material required for test from formula 180.yd 
where yd is dry density of chalk (this weight should be 
approximately 300gm).
6,From the material collected on each sieve, weigh out to nearest O.lgm 
the amounts required to obtain the grading (a straight line on a log 
size plot between 0% at 5mm and 100% at 20mm - see Fig.3.4.2/2).
7.To obtain the correct weight on the larger sieves it is necessary
to juggle around with various pieces until a selection of pieces make 
up the required weight.
8.After making up sample check that the weight is about right(To 2g).
9.Prepare three more samples in the same manner, to end up with four 
identical samples.
Testing
1. Take 3 of the samples and soak them in distilled water for at 
least 1 hour.
2. Put the 4th dry sample in the Tema barrel around the weight and 
grind in the vibrocrusher for 30 seconds (note: a hollow cylindrical 
weight of 300g is used with the T250, but in the TlOO mill this 
should weigh 700g and be solid).
3.After crushing, take the grinding barrel and carefully brush the 
contents into the nest of sieves required (e.g. 19, 16, 13.2, 10,
8, 6„3, 5, 4, 2.8, 1.0, 0.7, and 0.43 mm)
4.Gently dry sieve, making: use of the sieve brush.
5.Total up weights of chalk retained, and check material lost, which 
should be less than 4grams.
6.After soaking the other 3 samples for 1 hour, drain them by placing on
oa fine meshi (about 1mm), at about 45' to the horizontal, and 
leave them covered for 15 minutes.
7.Wipe the base and sides of the sieve, and .tip one sample into a 
beaker for moisture content determination.
8.Place one of the two remaining samples in the Tema mill and 
vibrocrush for 30 seconds. (The base and sides of the sieve should 
again be wiped to remove surplus water).
9.Remove the crushed chalk by washing into .a fine sieve (less than 
1.25mm) and gently washing out the fines.
10.Oven dry the washed sample.
11.Sieve as -in 3.
12.Place the final sample in the mill ( as in 8), but add 250ml of 
water before crushing for 30 seconds.
13.Wash and sieve as in 9 to 11.
Calculation '
1.The grading curves for each part of the test are obtained and plotted
as shown in Fig.34.2/3.It is assumed that material lost in the test is .
finer than 1,25mm.
2.The percentage passing 1.25mm is then taken off each curve and plotted 
against the "global moisture content" (i.e. the weight of water in the
'mill at the time of crushing,divided by the dry weight of chalk).
3.To calculate the global moisture content, it is assumed that all 3 
soaked samples have the same moisture content after draining. (This is 
normally accurate to within 2% moisture content). The moisture 
content of the wettest sample is therefore calculated as -
/ (m/c of soaked chalk) x dry weight of sample 250
dry weight of sample
The object of this method has been to simplify the test, by stripping it
of unnecessary-accuracies.
The following differences in technique occur between Tallon's method and
this method.
1.After soaking for 1 hour in the French method, the sample is .placed on 
a 5mm mesh. Losses occur since a certain proportion of the sample 
breaks up during soaking, and subsequent calculations are based on the 
actual dry weight of material placed in the mill.
2.When the chalk is placed in the mill in the French method, the 
cylindrical weight is at the side of the mill. This is sensible 
because the chalk can then be more easily placed in the bowl. The 
technical reason for placing the stone at the side of the mill is
to prevent it jamming at the centre. In the writer's experience this 
has never happened.
3.The moisture content of the two damp samples are determined as 
follows in the French method
(a) soak for 1 hour and then drain on the 5mm sieve 
• (b) wipe the base and sides of the sieve to remove excess moisture
(c) quickly weigh the sieve and chalk, tip the chalk into the mill 
and then reweigh the sieve with any material left on it.
(d) after crushing for 30 seconds, the chalk is washed into a bowl 
with a limited amount of water. All the material is retained.
(e) the fines are then separated from the coarse fraction by sieving
on a 400^ 111 mesh. The mesh is placed just below water level, and is 
gently surged up and down to allow the fines to pass through the 
sieve.
((f) the coarse fraction is placed in an oven to dry
(g) the fines are placed in a centrifuge (which should have a 
capacity of about 3-4 litres) to separate, and then in a 
beaker to dry.
(h) the dried material is weighed and sieved
(i) the moisture content is obtained from the wet weight determined 
in (c) above, and the dry weight determined in (h) above
This method therefore requires a large centrifuge,
4. In the French method Tallon now defines the %  fines as smaller than 
630jx. and not 1.25mm as defined by Struillou.
It is apparent that this test is complicated to carry out, even in
the simplified form used in this work. When carried out by
a commercial laboratory, a minimum charge of about £40-50 might 
be expected.
During the course of this research a number of facets of the test have 
been investigated,
(i) repeatability on one machine with one operator and a single 
test method
(ii) effects of machine type and variability
(iii) effects of test method
(iv) operator variability
(v) effect of inaccuracy of crushing time.
As a result of the communication of the test method to R.H.Clarke, 
Berkshire County Council have also subsequently carried out work 
on some of these problems, which has recently been published in 
Clarke (1976). Where appropriate this information is included here.
3.4.2.1 Repeatability of Vibrocrushing test, given a single
operator, machine and test method.
Initial experimentation demonstrated that under the ideal conditions 
of a uniform chalk tested hy one operator in one Tema mill, the 
vibrocrushing test is very repeatable.
A series of tests carried out on chalk from the M27 South Coast 
Motorway (Contract 2) gave the following results
Number of tests « 5
%  fines produced by 30s crushing >
Dry Test Saturated Test Submerged Test
Min. 4 13 37
Max. 7 15 49
Av. 5.6 14.4 44.6
Std.
Deviation 1.14 0.89 4.56
Subsequently Clarke (1976) !has carried out a similar set of tests on 
chalk from the A34 Donnington Link, giving
Number of tests « 10
%  fines produced by 30s crushing.
Dry Test Saturated Test Submerged Test
Min. 19.3 36.5 67.9
Max. 21.6 42.7 83,3
Av. 20.4 39.7 74.9
Std.
Deviation 0.76 2.00 4.98
3.4.2.2. Effects of machine type and machine variability
The Tema laboratory disc mill is a device manufactured to rapidly 
grind materials such as mineral ores intended for chemical analysis; 
it is not intended by its manufacturers to supply accurate and 
constant amounts of energy. There are therefore two major standardisatioi 
problems to be overcome
(a) variability of crushing efforts of different machines of the 
same type.
(b) the effect of using a T250 mill with a 300g stone, as opposed 
to the original TlOO mill with a 700g stone.
The Tema mill supplies crushing energy to the sample by rotating the 
crushing bowl in a horizontal circular orbit at about lOOOr.p.ra..
The “stone" insida the bowl may -
(i) try to remain stationery, in which case it appears to 
oscillate more or less in the centre of the crushing bowl or,
(ii) slide around the perimeter of the crushing bowl.
Using a perspex lid to the crushing bowl, together with a stroboscope, 
the first mode has been observed when the chalk sample was crushed 
dry, while the second occurred with a submerged sample, presumably 
because friction was much reduced between the stone and bowl. It is 
probable that this motion can only occur with weak chalks which 
rapidly crush down and leave plenty of space in the bowl.
The main difference between the TlOO and T250 mills was observed 
to be the diameter of orbit.
Dia. of Orbit 
(mm)______
r.p.m
T250, Ecole des Hines, Paris 
T250, Queen Mary Coliege,London 
TlOO, Ground Engineering Ltd. 
TlOO, Hunting Survey Ltd.
22
23
18
950
1016
16
It is quite clear that a greater orbit will give a much greater 
crushing effort, and this is found to be true in practice:~
Dry
Saturated
Submerged
% fines produced by material crushed for 30s using
700g stone 
TlOO T250
6
16
51
300g stone 
TlOO T250
12
30
82
5
18
41
14
21
58
However, since these machines are mounted on springs, which restrain the 
lateral movements, it becomes clear that the diameter of orbit may 
change with time if the elasticity of the springs alter. It is
believed that the T250 crusher owned by Queen Mary College and used
for the Berkshire County Council tests had springs which had softened with, 
time, at one time allowing the oscillating drive motor to make contact
with the lower outer casing of the machine. Thus machines of the
same type should be expected to have differing crushing characteristics. 
To check this a number of tests were run on different machines using the 
same chalk.
Vo fines produced by 30s crushing (Dry/sat./Sub.).
Sample
No.
1
2
3
4
5 
/ 6
7
8 
9
TlOO 
P. et Ch.
TlOO 
H. S. Ltd.
15/20/36+
9/15/36*
18/45/92+
17/32/87+
16/26/72+
7/22/47
TlOO
G.E. Ltd. 
6/25/81 
6/15/45 
6/10/35 
7/18/39 
7/12/18 
8/40/86 
5/19/55 
6/28/88 
6/16/51
T250 
Q. M. C.
T250
E.des.M
14/28/79
13/23/59
11/19/37
10/22/65
8/16/34
11/39/80
12/22/58
14/35/79
14/21/58
+ values for the same cuts reported by Struillou (1973)
In the tests carried out by the writer and J-P Tallon (Ecole des 
Mines - Paris) a pattern of results emerge which indicate that the 
T250 mills give higher percentages of fines of dry crushed chalk than
TlOO mills, but approximately equal quantities of fines for 
chalks tested flooded. Figure 3.4.2/5 indicates this effect.
Figures 3-;'4.2/8 to 3.4.2/12 show results of comparative tests carried out 
on material from the A13Paris -Rouen Autoroute. Original tests were 
carried out at the Laboratoire Central des Ponts et Chaussees and 
reported by Struillou (1973). These values are each the average 
of three determinations. Later tests were carried out in conjunction 
with Talion at the Ecole Nationale Superieure des Mines and were 
carried out on exactly the same material as used by the writer.
It can be seen that while in the majority of cases there is liftle 
difference between results for one site, in some cases (for example 
Incarville tested by the L.C.P.C) there are considerable differences.
In the case of the Rouvray samples tested on the Ecole des Mines mill 
a difference of 25% fines for the flooded points raises serious doubts 
about the reliability of the test, since precisely the same sample 
was used by the writer (tested at Ground Engineering LtdI) A similar 
difference was found for sample 2 results shown in the previous table, 
where tests were carried out on riffled samples.
3.4.2.3. Effects of test method
Since the test method was considerably altered at the start of this 
project, it was important to consider the significance of the changes.
To do so a sample was riffled, one half being tested by the modified 
method and the other by the method demonstrated to the writer by 
J-P Tallon at the Ecole des Mines in Paris. The results shown in 
figure3 #4 ,2/4 are virtually identical, the major difference being 
produced not by the test but by the method of plotting. If the 
effects of crushing are expressed in both cases as percentage of chalk 
produced finer than 1.25mm then a maximum difference of about 2% 
is produced.
Further work by Berkshire County Council, reported by Clarke (1976,1977) 
has investigated the reasons for the problems encountered by Queen 
Mary College.Figure 3.4.2/6shows vibrocrushing results on three chalks 
prepared by ~
(i) air drying
(ii) oven drying
(iii) "excess heating"
Clarke states that the effects shown in this diagram ’H-jhilst sometimes 
erratic, was always present". It is hardly surprising that large 
differences exist between air dried and oven dried material, 
particularly in the light of compressive and tensile strength results 
reported by Masson (1973) and Carter and Mallard (1974).
The most obvious explanation for the large increases of strength reported 
by these authors between dry and moist chalk is that the material undergoes 
a chemical change at less than 105°C. This seems to be the more likely 
since Masson noted that the increase of strength is very large near to 
zero moisture content, before which the temperature of the chalk might 
not be expected to rise to oven temperature as a result of 
evaporation.
It is perhaps significant that no problems were encountered by the writer, 
when material was dried in the standard manner used by soils laboratories
i.e. about 24 hours at 105°C.
Clarke (1976) has given results for two operators testing one chalk 
on one machine with one test method.
% fines after 30s crushing.
Operator A Operator B
N ~ 5 ■ N - 5
Dry Test
Min. 20.3 20.2
Max. 21.7 24.5
Av. 21.0 21.7
Std,Dev. 0.65 1.65
Saturated Test
Min. 26.7 26.7
Max. 28.8 31.1
Av, 27.7 28.5
Std.Dev, 0.84 1.93
Submerged Test
Min. 55.7 65.0
Max. 66.6 69.6
Av. 62.4 67.1
Std.Dev. 4.11 1.83
As might be expected, the operator has little effect on the test provided 
the method is controlled.
3.4.2.5 Effect of inaccuracy of crushing time
In the initial tests carried out by Struillou (1973) the TlOO mill was 
provided with an automatic timing device. Subsequent tests by Tallon, Poole 
the writer and Clarke have not had this facility.
Five tests have been carried out by the Xinriter on riffled chalk with test times 
of 15,30,60,120 and 240 seconds. The: results are shown in Figure 3.4.2/7 and 
indicate that an error of + 1 second in a crushing time of 30 seconds might 
have the following effects on the amount of fines produced -
Crushed Dry • ^ 0. 15%
+Crushed saturated - 0. 50%
•}*
Crushed submerged - 1. 35%.
2
3
%
clamp
crushing bowl
17 *4 0
3  feet on circumference
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3.4.3. The T.R.R.L. Drop Hammer Test
This test, developed at the Transport and Road Research Laboratory by Ingoldby 
and Parsons, uses the moisture condition apparatus described in Parsons 
(1976). This apparatus is a sophisticated modification of
the Aggregate Impact Test apparatus of B.S.812.
The method of test proposed for chalk (Ingoldby -private communication) 
differs from that used in the moisture condition test, and is roughly 
as follows:-
Chalk at approximately its natural moisture content is broken down and 
sieved to obtain a sample of 10mm to 20mm material with a wet weight of lKg.
The sample is placed in the cylindrical mould, and the 7 Kg rammer is 
repeatedly dropped through exactly 250mm, the deformation of the top of 
the sample being noted after each rammer blow.
The gradient of a plot of sample compression (mm) as a function of log 
(number of blows) is determined, and denoted by the stability number.
This number is found to vary between 2 and 4, with bad chalks giving a 
more rapid compression and therefore a higher value of suitability number.
Hie writer has not carried out any of these tests, but in conjunction with the 
Transport and Road Research Laboratory a programme of tests was carried out 
to compare results of the vibrocrushing test (by the writer on a TlOO mill) 
with thvOse provided by the Drop Hammer Test. The results have subsequently 
been published (Parsons (1976 b).
Figure 3.4.3/1 shows a comparison between the percentage fines produced in a 
vibrocrushing test, as a function of the TRRL drop hammer number. Although
there is a clear trend in the equivalence of results, several points fall
well away from the general results. According to the Vibrocrushing test
results three of the eighteen specimens should be classified as dangerous
and yet the Drop Hammer test does not single them out (Figure 3.4.3/2).
Since the specimens in the drop hammer tests are used at about their 
saturated .moisturecontent, it is concluded that the result is a function of
(a) the susceptibility of the intact chalk to crushing (i.e.fragility)
(b) the strength of the chalk fines paste produced by crushing.
The first factor is clearly important since without modifications of 
particle size distribution the chalk under test will not achieve increases 
in density. However, the compactive effort required to bring a soil with 
stable particle size distribution to a given degree of air voids content is 
dependent on the energy required to reorganise the particles, which in 
a mixture of clay and gravel would certainly be dependent on the shear strength 
of the clay. In a melange of intact and crushed chalk only a small 
proportion of fines is sufficient to cause these fines: to dominate the 
strength behaviour, and, since section 3.2.1 and 3,2.2 have demonstrated 
the very marked changes of strength with small variations of moisture 
content, it might be argued that the lack of moisture control would cast 
doubt on the efficacy of the test. •
It is understood that the Transport and Road Research Laboratory have been 
able to suggest limits for use of various types of plant, with or without 
wet weather restrictions, based on this test.
A Crushed Flooded
0  Crushed Saturated
%  fines
© Crushed Dry. : after 30s
crushing 
in a TlOO 
mill
-100
A
4 3 2 I
T.R.R.L. Drop Hammer Number
COMPARISON BETWEEN VIBROCRUSHING TEST 
AND T.R.R.L. DROP HAMMER TEST RESULTS
Fig:-3-4-3/1
T.R.R.L. Drop 
Hammer Number
Results from Vibrocrushina Tests
Samples classified as "Dangerous" according to Puig (1973)
© Samples classified as Doubtful
a  Samples classified as Good4 -
3 -
2 0  Av. Dry
Density (Mg/m3)
1.71.4 1.6 1.8 1.91.3 1.5
TRRL. DROP HAMMER NUMBER AS A FUNCTION 
OF AVERAGE INTACT DRY DENSITY
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3.4,4, The use of Physical Properties to Determine Suitability 
Masson (1973);, Jenner and Burfitt (1975), and more recently Clarke (1977) 
have suggested that properties such as moisture content, dry density, strength, 
ultrasonic velocity, etc,, can adequately describe the performance of chalk 
in earthworks. Since the Transport and Road Research Laboratory believe 
that they have found a good correlation between field experience and the 
drop hammer test results, and since the writer and previous authors such 
as Puig (1973) have found that the vibrocrushing test adequately describes 
the field behaviour of chalk then a good correlation should be obtained 
between physical properties and the results of these two tests.
3.4.4.1. Saturated Moisture Content
The use of saturated moisture contents cannot be satisfactory, since, depending 
on the degree of dessication occurring before resaturation is attempted, it 
is not always possible to resaturate lumps of chalk of 10mm size upwards.
As an example, the sample 3C, which was crushed down to 10-2Omm size for 
the repeated compaction testing only obtained an average moisture content of 
25,7% after thorough saturation for 24 hours in (originally) deaired water 
under a vacuum. From dry density determinations its saturated moisture 
content is 27.5%. With the larger lumps generally used for saturated 
moisture content determinations it is difficult to guarantee values better 
than 3-4% below saturation.
3.4.4.2. Dry Density
Figure-3£j3f'2 shows that for the drop hammer test.at a given dry density the 
drop hammer number will vary by about 0.5, as compared with its total range 
for the 18 specimens shown of about 1.8. These results clearly indicate 
that dry density will not give a fine judgement of earthworks suitability.
Similar results for a great many vibrocrushing tests (65tests plotted) can be 
seen in Figure 3.4,4/1 where the percentage fines produced by crushing chalk 
is expressed as a function of the dry density of the sample. Using Puig*s 
(1973) classification it can be seen that -
3 3(a) chalk with dry density values between 1.39Mg/m and l,56Mg/ra 
can be either "Doubtful” or '^Dangerous".
(b) with dry density values between 1.60 and 1.90Mg/m chalk may 
be either ‘doubtful" or 'feood".
On the other hand it seems almost certain that chalks with a density of 
less than 1.40Mg/m^ will be "Dangerous*', while those with a dry density
O
of more than 1.90Mg/m will be good.
That extremes of chalk dry density lead to large differences in' fragility is 
hardly surprising, but on the other hand, since density is a function of 
various factors, some of which do not affect strength as markedly as others, 
for example particle size distribution and accretion (grain overgrowth 
during deposition) density differences are possible without strength 
modification.
3.4.4.3. Point Load Index.
Three sites have been investigated using the Franklin point load index 
on damp chalk (Franklin (1970)). The results were compared with density 
and vibratory crushing test results
Sample No. Dry Density Point Load Index,Is(50) VCT#■ * * * —  — *  ' *  --
________   (Mg/m^) (Av. of 12 determintions) %  fines
Site 1 1 1.77 1.14 5/11/19
2 1.83 0.99 6/11/18
3 1.98 1.06 7/13/27
4 2.06 1.15 7/7/15
5 1.91 1.11 7/9/20
Site 2 6 1.40 0.255 8/25/84
7 1,48 0.347 8/19/54
8 1.38 0.063*(7) 6/26/72
9 1.47 0.279, 13/33/72
10 1.37 0.023*(10) 9/31/74
11 1.33 0.021*(11) 9/40/94
12 1.40 0.000®(12) 11/36/89
13 1.39 0.137 7/24/66
14 1.43 0.340 7/26/71
15 1.45 0.190*(4) 6/34/74
Site 3 16 1.33 0.150 13/57/99
17 1.43 0.198 11/62/100
18 1.39 0.168 11/53/98
19 1.45 0.211 9/40/93
20 1.43 0.174 8/38/90
21 1.50 0.285 5/27/73
22 1.50 0.262 5/25/73
23 1.45 0.298 5/23/69
24 1.49 0.226 6/26/60
25 1.44 0.202 7/28/79
According to vibrocrushing test results, site 1 represents very good 
quality chalk, while site 2 represents very bad material. Site 3 
contain both ’'Dangerous" material (Samples 16 to 20) and "doubtful” 
material (Samples 21 to 25). For the worst material many of the lumps 
of intact chalk chosen for point load testing were not of sufficient 
strength to register any pressure on the gauge of the point load tester, 
which indicates that the point load test is insensitive to differences in 
weak chalk. Results marked with an asterisk suffered from this problem: 
the bracketed value indicates the number of specimens which failed to show 
any strength.
Problems of sensitivity apart, point load strengths show a better correlation 
with dry density than with vibrocrushing test results.(Figures 3.4.4/.2. and3„4. 
There seems little point in carrying out point load testing if dry density 
can be so closely correlated.
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3.4C5„ A Simple Dynamic I-Iand Penetrometer
Of the suitability methods investigated all appear to have substantial 
disadvantages. The repeated compaction test must be carried out over a 
range of moisture contents, and becomes extremely time consuming and 
prohibitively expensive to perform. In its simplified form the test 
does not provide good sensitivity for weak chalks. The vibratory 
'crushing test cannot overcome the problems of non-repeatability from 
machine to machine, and although cheaper to perform than a repeated compaction 
test, is still excessively complex. Furthermore a laboratory disc mill 
costs in excess of £1200. The TRRL drop hammer test overcomes the problems 
of complexity of test method, but once again the apparatus is excessively 
expensive by routine soil test apparatus standards, costing about £900.
In addition doubt has been thrown on the validity of a test which has little 
moisture content control and appears not to be sensitive to variation in 
very weak chalks.
With these problems in mind it'was-noted that at two sites where 
traffickability problems had been severe SPT tests carried out at site 
investigation stage were very low at considerable depths even though ground­
water was not apparently, encountered. On the 1125 Dartford-Swanley Link 
(between Clement Street and Church Road) the chalk encountered was so weak 
that face excavations by Poc la in and transportation by dump trucks, could 
not prevent the breakdown of the chalk. Indeed, in many instances the 
structure of the cut material was observed to have been destroyed by the time 
it was placed in the dump trucks. Boreholes in this area displayed considerabl 
lower SPT *N' values than ir the better quality chalk of the A20 cut 
The results were, briefly, as follows:-
BH Location Av.SPT
________ (blows/300mm)
195 A20 Cut 35
129/2 Church Rd 23
120 ~ 28
105/2 Clement St 15
101/2 Clement St 22
A similar case Occurredon the A45 Stowmarket-Claydcn Bypass. According to
Malster (1975) ’’the chalk was very fissured with natural moisture 
contents between 25 and 35% but with the greater majority between 30 and
35% The chalk appeared good enough when it was dug out and loaded into
lorries, but the bumping about it received in the lorries on the way to where 
it was wanted for use in an embankment turned it into something very much . 
like putty. A machine had to be used to scrape the sticky chalk from the 
back of the tipper lorries”. Similarly Walker (1974) reported ’’Finally 
although there were still difficulties, the chalk was excavated with draglines 
and transported in dump trucks. When placed it was badly broken down 
and wasn’t stable enough to walk on, let alone support compacting plant”.
SPT fN’ values taken at site investigation stage were similarly low on this 
site.
Intuitively, it might be expected that the SPT *N’ value would be primarily 
dependent on -
(i) the intact strength of the chalk
(ii) the rock density of the chalk
(iii) the flint content of the mass
(iv) chalk blocks size 
and perhaps
(v) the chemical composition of the chalk.
In a general way the first two factors are linked, since high density chalk 
will tend to have a high unconfinad compressive strength. (For example see 
Masson (1973)).
Following a large site investigation in Hampshire it became apparent that 
within the area investigated the saturated moisture content of the chalk was 
relatively variable. Examination of the void ratio on a biostratigraphical 
zone basis showed that the chalk tended to become denser with increasing age, 
as Carter and Mallard’s work would suggest. Figure 3.4.5/1 shows the average 
results obtained; void.ratios were obtained from saturated moisture contents 
which were determined on chalk lumps of about 25mm size, which can lead to 
underestimates of void ratio, but this does not detract from the obvious trends
Following this, SPT 'N* values were examined. Each borehole was ascribed to a 
particular fossil zone on the basis of its supposed zonal position at
ground level. This simple assumption is not totally valid, either for the 
saturated mo is ture contents or the SPT ’N 1 values, since -
(i) the published information may be inaccurate
(ii) boreholes can easily pass through from one zone to another
In particular it is noticed that the void ratio of the Holaster planus 
zone is much higher than would normallybe expected, since the Chalk Rock falls 
within this zone, but Brydone (1912) reports that the Chalk Rock does not 
occur over the greater part of Hampshire. However, possible errors in zone 
determination should cancel each other out since both sets of data were 
analysed on the same basis.
Without any division into grade on the basis of visual examination or SPT'N1 
value correlations, the basic statistics for all tests in each of the fossil 
zones were calculated. A notional "upper bound” for the fNf value in each
zone was taken as the average fNf value plus one standard deviation. Since
the valleys of Hampshire are known to contain quantities of transported chalk 
(hillwash or soliflucted material), the statistics were also obtained for 
boreholes outside the valley areas (termed "hilltop sites"). The results 
are shown below:-
SPT !N ! values (blows/ft.)
Zone All sites "Hilltop sites"
Av. St .Dev. Av. St .Dev. Av.-fSt
Offaster pilula 13.6 5.3 14.9 4.7 19.6
M. testudinarius 21.8 14.8 20.8 8.4 29.2
U.socialis 18.9 8.3 15.9 4.5 20.4
M.coranguinum 27.2 18.3 29.3 17.6 46.9
M. c or tes t und inar ium 25.7 12.2 27.9 10.4 38.3
H.planus 36.0 21.7 49.6 20.1 69.7
Terebratulina lata 18.3 14.5 - - T
Rhynchonella cuvieri 29.5 13.7 33.9 14.5 48.4
Holaster subglobosus 31.8 22.7 33.4 23.5 56.9
The values for "hilltop" sites have been plotted against average saturated 
moisture content for each fossil zone, the results being shown in Figure 3.4.5/2 
Despite all the other variables that might be expected to influence SPT’N ’values 
(such as weathering, depth of boreholes, frequency and form of flints) a 
reasonable correlation is obtained between saturated moisture content(and hence
density) and SPT ’Nf value.
A dynamic penetrometer is therefore sensitive in a general way to variations 
in density and presumably also to tensile strength,fragility etc. The 
question of the ability of such a device to distinguish between density and 
fragility remains, but it is clear that a small scale dynamic penetrometer 
might perform satisfactorily whilst also overcoming the problems of expense 
of equipment and test performance.
In order to establish the usefulness of a small dynamic penetrometer, the 
device shown in F i g u r e 4.5/3 was constructed..Since the standard penetration 
test had given reasonable penetration blow results it was decided to try to 
mode1_ the small scale device on the SPT tool, but it was not known which of 
the features of the standard tool were critical. As a first attempt two 
of the parameters used were -
(a) the energy dissipated by one blow, per unit area of the penetration 
tool. The area of the penetration tool was taken as the total area 
as opposed to the end area of metal, (i.e. 1,964 x lO^m^ in the 
case of the standard penetration tool),
(b) the length to diameter ratio.
For the SPT test the dimensions and weights of the apparatus are:
50mm dia.
450mm long 
5Kg weight
Total assembly weight 80Kg.
Dropwe'ight 63.5 Kg. (1401b)
Thus, assuming no friction losses, the energy dissipated by one blow is
o
approximately 238 KNm/m of the penetration tool, and the length/diameter 
ratio is 9. In the penetraneter shown in Figure 3.4.5/3 the energy dissipation 
is approximately 237 KKm/m^ while the length to diameter ratio is 13.3.
A greater L/D ratio was used because it was judged that the energy/unit 
volume of material penetrated might be significant. In the SPT test this 
is 793 KNm/ra%low (for the 300mm test length) while in the small scale 
penetrometer, using a 40mm drive the energy dissipated is 5933KN.m/m /blow. 
Therefore a penetration blow count of about one seventh the SPT *N' value 
might be expected, if the SPT ,N f value could be obtained in intact rock.
Penetration Tool
Automatic trip hammer
The penetrometer was used by cutting an approximately horizontal ledge into 
damp chalk, and then placing the point onto the chalk surface by holding the 
penetrometer at the top. This meant, that the penetrometer was vertical 
at the start of the test. The weight was repeatedly lifted to the top of its 
travel and allowed to drop freely. The number of blows for the full 
40mm penetration were noted. A minimum of 10 such tests were carried 
out on each sample, usually at about 50-75ram centres across the surface.
The results of any tests which split the chalk block were discounted.
Initial experiments in the. Isle of Thanet area (samples IP to 4P) showed 
that the penetrometer could distinguish between different types of very 
soft chalk. However, after a more thorough investigation involving 23 samples 
the correlation with vibrocrushing test appeared to be rather poor(Figure 3.4.5/4- 
The dependance of the test on the intact chalk density was found to be very 
high, as expected, and it was also found that moisture content could seriously 
influence the result.Figure 3 .4 .5/5 shows a graph of penetrometer blow count 
as a function of density, and clearly demonstrates that samples that were 
tested by penetrometer at moisture contents considerably below their 
saturated moisture content could give up to 20 blows more than those at their 
saturated moisture content.
The reason for this was observed during testing. Samples with dry density 
values of less than about 1,60 Mg/m^ typically have a saturated moisture 
content in excess of their liquid limit. During driving, the penetrometer 
destroys the chalk bonding for some distance around it, and when soft chalk 
is tested chalk putty is seen to ooze out of the rock around the edge of the 
penetrometer needle, as it is driven. Because of the high length/diameter 
ratio of the needle, side friction has a considerable effect on the driving 
resistance, and the side friction is very largely a function of the 
relationship between the moisture content at the time of test and the liquid 
limit of the remoulded chalk.
When samples which were tested saturated were plotted with vibrocrushing 
test data(Figure 3,4.5/6 and 3'4.5/7 rather better relationships emerge.
From these plots it can be seen that Puig's earthworks classificiation 
corresponds, to the following penetrometer values
Earthworks Performance Penetrometer result
(Puig (1973)) blows/40mm penetration in saturated chalk.
"Good" >40
'T)oubtfuln 1 3 - 4 0
dangerous” < 1 3
Because the penetrometer is cheap (the prototype costing about- £10) and 
results may be obtained quickly (about 5 minutes per set of 10 readings) 
the tool may be of considerable use during trial.exploration for 
motorx^ay projects. However, it has disadvantages:-
(i) test must be carried out on freshly dug, saturated chalk.
(ii) because the penetration needle is made only of mild steel, good 
quality chalks frequently damage it by bending. At least 5 
spare needles should be carried.
(ill) some chalks contain considerable quantities of fossil debris,
which is usually of calcite. This material is generally much 
harder than a soft chalk matrix, and may tend to increase the 
average penetration value. When material of this sort is 
encountered the penetrometer generally refuses to advance for 
some blows. When refusal of this type occurs the needle should be 
withdrawn, and that part of the test abandoned.
(iv) since it is an empirical test it is not certain whether the results
truely reflect earthworks fragility, as well as density.
Comparison with vibrocrushing test results seem to indicate that 
the test does give a good indication of earthworks performance.
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4.1.1 Description of the Works
The construction of site A was carried out during the period.1974 to 1976. 
The site is located in Wiltshire. The works consisted of excavations of 
cuttings in chalk to the north-east and south-west of an alluvial plain, 
together with the construction of an embankment ..across this valley.
Structures on the site were: -
(a) an interchange and sliproad bridges at the edge of the north­
west side of the valley
(b) a railway underbridge to the bypass embankment.
Figure’4. l-.i/l shows a general plan of the works with information from the 
6" to 1 mile geological map superimposed. According to the 6“ map Upper, 
Middle and Lower Chalks occur in the cuttings, as well as the two major 
hardgrounds, the Chalk Rock and the Melbourn Rock,
The chalk was generally excavated by face shovels, while being transported to 
the fill area by lorry or scraper, but in some areas scrapers were also used 
to excavate the chalk. The main embankment fill was largely completed in 
the period April to June 1974, using TS.14 and E200 scrapers, and only 
limited used of a Hough 90 and lorries.
In March 1974 work commenced on the fill to the south abutment of the 
railway bridge, A small quantity of fill was placed using a Hough 90 
and lorries, but the remainder of fill construction in particular to the 
wedge adjacent to the railway bridge abutments, was completed in the period 
May to June 1975. The majority of the chalk fill was obtained from a 
-borrcw pit in the middle chalk (probably T.lata zone) to the South-east 
of the main carriageway at approximately chainage 1300. About 60% of the 
material was excavated by face shovel, the remainder being taken by E200 
scrapers. The final wedge of fill, about 70m long and up to 2m thick at the 
bridge abutment was completed using embankment trimmings. . Since the 
weather had remained hot and dry throughout the wedge filling operations, this 
material would probably have been very much drier than when originally 
placed in the embankment.
Compaction in the main embankments was generally carried out on 300-500ram 
thick layers of fill using a towed 15ton grid roller or a Stoddart and Pitt 72T
vibratory roller. At bridge abutments the specification was varied, with 
Bomag 75 and 90 rollers being used on layers of chalk with a maximum 
thickness of 225mm.
To the north of the. north abutment lies an Armco culvert, about 50m from 
the bridge. The main embankmenti which approaches over the alluvium • 
of the river to the.north - east, .had been constructed,up to the Armco 
culvert before Hay 1975. The material now required to fill up to about 
5m from the north abutment was obtained from Kay to early June from batter 
trimming, embankment protective layers and Bailey Bridge ramps. Trimming 
of embankments was carried out using E200 scrapers while the Hough 90 
excavated the Bailey Bridge ramps.
The final fill was completed in June 1975. The base material had previously 
been stockpiled adjacent to the abutment, but the upper material was made 
from a mixture of embankment trimmings and for the final metre of fill, 
from chalk hauled by lorries from the borrow pit to the south-west of the 
bridge. Compaction methods were the same as those used to the south of 
the bridge, strict control being exercised by the engineer^ representatives. 
Once again the weather remained hot and dry during construction.
4.1.2. Construction problems and observed disorders.
During bulk excavation the contractor encountered rock at two locations -
(a) between chainage 1100 and 1200, to the south west of the railway bridge
(b) between chainage 3000 and 3100, in the north batter, to the north east 
of the Interchange bridge.
It is understood that payment for rock excavation was made at both these 
locations.
In February 1976 the site was visited by a consultant engineer at the 
request of the contractor. It was reported that evidence of settlement 
could be seen at most of the bridge abutments, but that the worst defects 
were seen at the railway bridge. The road had settled approximately 100 
to 150mm adjacent to the south abutment, where the fill was about 11.00m 
high. To the north,the 9.00m high fill had undergone between 250 and 300mm 
collapse relative to the bridge structure.
Acccrmpany5.ng these height reductions, longitudinal cracks were observed 
in the asphalt paving on the southern approach to the embankment, and were 
also observed on the edge of the fill adjacent to the Armco culvert.
The Consultant carried out limited testing on samples taken from trial pits 
excavated through the central reserve at the railway bridge. Examination 
of the fill in the pits showed that the chalk on the north side of.the 
bridge was considerably more degraded than on. thesouth side. Samples 
taken from these pits and subjected to !gentle* wet sievings gave 15 and 
22% silt contents for the south abutment, and 32% for both samples tested 
from the north abutment. Measured .moisture contents on the four samples 
(taken at depths between 1.20 and 2.75m below the carriageway) gave values 
of 19.3% and 21.3% for the north abutment, and 21.7% and 23.7%, for the 
south abutment.
In 1976 the writer visited the site, and despite remedial measures to bring 
the road back to its design level, settlement of the fill continued to 
produce a step in the pavement at each end of the bridge structure.
4.1.3. Causes of. Problems and Disorders
Pvock excavation areas tally well with the areas that the 6” to lmile 
geological map would predict for the outcrop of the Chalk Rock, (Ch.1100- 
1200) and the Melbourn Rock (Ch. 3000-3100), No values are available 
for the strength or density of the Melbourn Rock on or near this site, 
but the Chalk Rock has been sampled from an exposure in a quarry a few 
miles to the west of the site. At this location the material had an 
average dry density of 2.45 Mg/m , the equal highest value obtained 
for all the chalks sampled in the survey in section 3.1.
Embankment collapse experienced during the winter of 1975/76 amounted to 
a maximum of only 1.4% to 3.3% height decrease. The low degree of 
collapse measured is a tribute to the effectiveness of the compaction 
applied since they tend to indicate an average air voids content of between 
3 and 7% based on the results of testing in section 3,3.4. Although 
moisture contents in the upper layers tend to indicate resaturation,' 
continuing settlement indicates incomplete saturation of the lower part of 
the fill.
It is concluded that -
(a) collapse occured as theresult of ingress of water into an unstable
chalkfill structure. '
(b) the instability of the chalk was accentuated because the chalk
was double (and partly treble) handled. In the initial handling 
the material was partially crushed, and the fines allowed to
dry down forming metastable peds, or intact lumps of chalk coated 
with metastable chalk. Because proportionately more of the chalk 
placed adjacent to the north abutment was double and treble handled 
this fill subsequently underwent a higher percentage height 
reduction.
(c) the reasons for the Idngitudinal cracking in the embankment are
not fully understood, but may well be attributed to differential 
self-settlement as a result of water ingress occuring more rapidly 
through the batters than through the mass of the fill. Longitudinal 
cracking has been observed on other sites. ■ :
Lack of subsequent slope movements indicate that this cracking is 
not due to slope instability.
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4.2.1 Description of the Works
Site B consists of 5km of three lane dual carriageway motorway with a further 
5km of other types of carriageways. The project was constructed in Kent.
Structures along the route include:-
(a) A 3  span simply supported river underbridge founded on bank seats
on chalk fill and centre piers founded on insitu gravel which carries
the dual carriageway'over a river near the north end-of the project.
(b) A barrel vault insitu concrete structure founded on piles, which
is embedded in the chalk fill about 4m below road level, near the 
centre of the project,
(c) The east and west Interchange Roundabout bridges to the south, which will
finally form the central level of a three level interchange. These 
consist of continuous 3 span structures with spill-through abutments
and inclined piers founded on pad footings on intact chalk.
(d) A motorway overbridge, eventually intended to carry the motorway over 
the above interchange and on to the south. This structure is at 
present not in use, and consists of a three span continuous deck with 
bank seats founded on chalk fill and inclined piers founded on pad 
footings on intact chalk.
The major earthworks on the site .consisted of -
(a) Cut A - at the south-east end of the site, which was used to provide
chalk for the interchange roundabout bridges abutments, the 
motorway .overbridge abutments, and other associated slip roads 
(Fill C).
(b) Cut B - in the middle of the motorway section, which provided the chalk
for two 15m high embankments to the north and south of the three 
span river underbridge. (Fill D-north and south)
4.2,2 Degradation and Traffickability Problems 
Observed Behaviour
During the 1974 earthworks season (April to October inclusive) the majority 
of excavation and placing of fill in the area of Cut A was carried out 
to specification clauses 603X and 609X with no difficulty. (See Table 27
Limited excavation of the chalk to the North of Cut B was also carried 
out, and large water replacement density tests, (typically about 0.9m 
cube hand dug pits) in both cut and fill areas indicated that due to break­
down of the intact chalk, and subsequent drying out, a shrinkage of the 
order of 12% of the excavation value was occurring. Tests on other chalk 
fill, compacted only by the trafficking of lorries used to haul the 
material to Fill C from Cut A at the south end of the Site showed that 
this material was bulking by an average of 4% (Table 24 ) and the
contractor was therefore advised to use the maximum lifts and minimum 
allowable compaction in order to try to reduce the breakdown of the chalk 
being excavated at Cut B.
Excavation was delayed by bad weather at the start of the 1975 earthworks 
season, but was resumed about May. After this, good weather allowed fast 
progress so that by mid July excavation was started in the middle of Cut B.
It quickly became obvious that the chalk in this area (approx. Ch. 3300-3600) 
was of a very inferior quality. Although excavation continued with 360° 
slew tracked hydraulic excavators (of similar types to, and including the 
Hymac 580) it was clear that the material from this area of cut was under­
going almost complete fabric destruction as it was excavated and placed in 
rigid bodied lorries or Aveling Barford SR rear dump trucks.
The material was placed on the embankment to the north of the three span 
river underbridge at the north end of the project (Fiil D - north). Each 
lift of about 450mm was placed closely tipped and bladed flat by a 
Komatsu D65 (equivalent to a Cat D7) working from the top of the lift to 
maintain the lift height and thus reduce destruction of the chalk.
Typically each lift took about 1 day to complete, and at the start of a new 
lift (at the north end) the lorries and trucks had therefore to traffic about 
300m of freshly placed chalk. It was observed that neither the lorries 
not the dump trucks were able to traverse the fill without almost continual 
assistance from a crarwler dozer, even under extremely favourable weather
conditions. It: was difficult to compact the chalk, as required in Clause 
609, 7, because it was "spongy” under the grid roller.
Testing
The following tests were carried out:-
(a) moisture content determination
(b) dry density determinations
(c) Atterberg limit tests
(d) vibratory crushing tests.
The location of the samples are shown in Figures '4-2/2 and 4.2/3.
Moisture contents were determined on three specimens of rock chalk from each 
sample, as received in the laboratory. The results are shown below:-
Sample No. Moisture content (BS 1377 : 1975 test 1A)
1 35% 34% 35%
2 29% 29% 28%
3 32% 32% 30%
4 28% 30% 30%
5 31% 31% 31%
6 26% 28% 28%
7 30% 29% 29%
8 29% 29% 30%
9 26% 26% 26%
10 23% 22% 23%
Samples I to 5 were extracted from fresh faces by a JCB 3 type excavator 
or by hand but samples 8, 9 and 10 were extracted from Cut A which 
ha‘d been exposed since mid 1974. Similarly, samples 6 and 7 had been
exposed for some time.
Samples of chalk extracted from Cut A, for the purpose of large
scale insitu density determination, during 1974 gave the following results
(each"result is the average of over 500 kg of dry material).
Pit No, 3 32%
Pit No. 4 29%
These figures are confirmed by the moisture contents that can be derived 
from dry density determinations if it is assumed that
(i) the chalk was initially saturated
(ii) it has a specific gravity of 2.71
Moisture content values can then be derived from the equation 
w 100
Sample No. Derived moisture content
1 38% ’ 38% 39%
2. 34% 34% 33%
3 35% 38% 33%
4 ' 33% 32% 31%
5 34% 32% 34%
6 31% 29% 29%
7 30% 30% 30%
8 31% 32% 33%
9 30% 31% 30%
10 33% 32% 33%
If the chalk was saturated insitu, then it appears to have dried out by 
about 3% moisture content before the test was carried out in cases where the 
material was taken from a fresh face. In cases where the face had 
been exposed for about a year (e.g. sample 10) up to 10% moisture had been 
lost.
Dry density determinations were carried out on three specimens of rock chalks 
from each sample, each specimen'.cons is ting of three lumps. After removal of 
any debris and disturbed material, the bulk density of each specimen was 
determined by displacement in a gas jar. The dry density was derived 
from the bulk density with the moisture content.
The results are shown below :
3
Sample No. Dry Density (Mg/m )
1 1.33 1.34 1.32
2 1.42 1.42 1.44
. 3 1,40 1,34 1,44
4 1,43 1.46 1.47
5 1.42 1.45 1,42
6 1.48 1.51 1.52
7 1.49 ' 1.50 1.50
8 1.47 1.45 1.44
9 .1.49 1.48 1.49
10 1.44 1.45 1.44
Atterberg Limits were carried out to BS 1377 i 1975 tests 2 (B)3and 4. 
The results are shown below : -
Sample No, LL(7q) PL(%) Pl(%)
1. 32 25 7
2 30 24 6
3 30 24 6
4 28 24 4
5 30 24 6
6 29 23 6
7 28 22 6
8 28 22 6
9 28 24 4
10 26 20 6
A series of vibrocrushing tests were carried out, the results being shown 
in Figure 4.2/1, The results of these strongly support the results of visual 
examination during sampling.
Conclusions
Two main questions should be posed -
(a) Could the softness of the chalk between Ch. 3300 and 3600 have
been predicted from site investigation records? /
(b) Is the variation of softness of the chalk a fact, or were the
difficulties encountered due to other factors, such as change in
method of excavation or compaction.?
Predictions based on Site Investigation
Little information is available from the site investigation carried out for 
this project. The average properties for the,chalk in the areas considered
were as follows
BK Chainage Location Av. SPT 
35
■ Av. m/c %
195 1893
129/2 3902
120 3563
105/2 3197
105/2 3184 Cut B
Cut B
Cut B
Cut A
Cut B 28
15
22
23
23
28
27 
29
28
Both the moisture contents and the SPT *Nf values would tend to indicate 
worse material in Cut B than in Cut A, In practice the measured moisture 
contents were, on average -
The differences in SPT values might be attributed to the frequency 
of flint layers, which were observed at about lm vertical intervals in 
the M.coranguinum chalk of Cut A. In Cut B flint layers were 
much less frequent and were seen at about 3m spacings.
At tender stage therefore, it could have been expected that the Cut B 
chalk would be marginally worse than the Cut A chalk.
Predictions based on subsequent testing
The saturated moisture contents of both the material from the Cut A and 
Cut B are above their respective liquid limits, and on average -
Section 3.2.1 has indicated that for traffickability a maximum moisture 
content of 5% less than the liquid limit is required for traffickability, 
based on remoulded undrained triaxial compression test results. Therefore 
it appears that if the chalk were allowed to degrade during excavation, 
transportation and compaction it would not be capable of supporting construction
Cut B
Cut A 28%
31%
N># end of Cut B 
Middle of Cut B 
Cut A'.
a LL + 1% 
w = LL + 5% 
w * LL + 4%
plant before a substantial moisture content reduction. This, coupled with 
the degradation, would allow the material to be compacted to a higher density
than in its insitu state, giving a volume shrinkage.
The chalk in the three excavation areas considered was briefly examined 
on site and classified according to the usual weathering index of Ward,
Burland and Gallois (1968) as follows -
Cut A .•• Grade II at base, to IV at top.
Cut B-North Grade IV/III at base, to V at top.
Cut B-Middle Grade IV at mid-excavation level.
It therefore seems that considerable degradation would be required to 
liberate porewater and cause traffickability problems.
The vibrocrushing test results (Figure 4.2./I) strongly support Puig's 
classification (Puig (1973)) limit of 30% fines produced by 30 seconds 
crushing in the vibrocrushing test using saturated chalk as the border 
between "doubtful" and "dangerous" chalks (i.e. those which may be safely 
excavated by face shovel and transported by dump truck during good weather 
conditions ("doubtful" chalks) and those which will degrade however gently 
they are handled ("dangerous" chalks)).
On the other hand Clarke!s(1977) classification would indicate that the 
material from both Cut A and Cut B would be unsuitable, on the basis of its 
low dry density. This case record therefore clearly provides evidence of the 
danger of using physical properties to predict the behaviour of chalk in 
earthworks.
TABLE 24
SITE B
0,9m cube insitu water replacement density results
Pit
No.
Pit
Location
Bulk
Density
(Mg/m3)
Moisture
Content
%
Dry
Density
(Mg/m3)
Av.Bulk 
Density 
( M g / m 3 )
Av.Volume 
Decrease
Fill C : 
W ’. Bound 
Slip.
Cut A
Cut A'
Cut B 
North
it ti
Fill D
South
it it
1 . 8 1 2
1 . 7 3 7
1 . 9 0 5
1 . 7 6 7
1 . 7 7 7
1 . 8 7 3
2 . 0 1 3
2 . 0 2 7
3 1 . 3
3 1 . 7
3 1 . 7
2 8 . 8
2 8 . 4
2 8 . 4
( 2 5 . 0 )
( 2 4 . 2 )
1 . 3 8 0
1 . 3 1 9
1 , 4 4 6
1 . 3 7 2
1 . 3 8 4
1 . 4 5 9
1 . 6 1 0
1 . 6 3 2
1 . 3 5 0
1 . 4 0 9
1
Y  1 . 4 2 2
1 . 6 2 1
1
- 4 . 4
+ 1 2 . 3
4.2.3 Self-Settlement problems
Self-settlement of fill was observed to varying degrees at -
(a) the interchange roundabout bridges
(b) the barrel vault side road underbridge
(c) to the north of the river bridge.
By far the most complete information on the origins and density of the 
fill comes from the site of the Interchange Bridges and is presented 
below.
As far as can be ascertained all the chalk used to construct the abutments 
came from Cut A during 1974 and was stockpiled in the area of the 
interchange.
No backfilling to the abutments had taken place before the spring of 
1976 since the foundations to the bridges were under construction.
After this the backfilling could not be started until the inclined piers
were cast to the bridge decks because the root of the pier cannot 
tolerate any lateral pressure. This limitation prevented any backfilling 
adjacent to the abutments until April 1976, see Figure 4.2/5,
Set out below is a catalogue of the information available for the site: -
(a) Results from Cut A and Fill C W.BoundiSlip road fill large scale 
insitu density tests on chalk. BEFORE DECEMBER 1974
(b) Results from a previous report relating amongst others to the 
Cut A (Internal report "Suitability of Chalk as Fill to C1609X")
BEFORE AUGUST 1975
(c) Moisture contents from three bags of chalk removed from beneath 
the East Bridge at the Southern abutment. OCTOBER 1976
(d) Results from UlOO samples obtained from a borehole carried out on 
the north side of the E.Bridge. OCTOBER 1976
(e) Results of SPT tests carried out in a borehole in the fill 
adjacent to that in (d) OCTOBER 1976
(f) Dates of construction relating to the backfilling. This 
information was obtained from site staff and/or abstracted from 
the site diary, APRIL-OCTOBER 1976.
(g) Rainfall records for the period of interest.
This information is set out in Table 25,Table 26and Figure 4,2/6 and 4.2/7.
Further relevant information is set out in Clause 609x of the specification 
which details the method of compaction to be used on chalk behind abutments 
The compaction to be applied consists of 3 passes of a smooth-wheeled 
roller of 2,6 - 5,2 KN per 100mm width on layers of chalk whose compacted 
thickness should be between 450 and 550mm. The compactive effort is the 
same as specified for common embankment fill, where the low rate of work 
is desirable to prevent soft, high moisture content chalk from breaking 
down. The actual compaction applied adjacant to the abutments was varied 
from this specification and consisted of 6 passes of a BW75s per layer of 
75mm thickness. In Table 1 source A is taken from the large insitu water 
replacement densities relevant to the area and indicates that the 
chalk is substantially saturated and of low air voids both insitu at
Cut A and at Fili C. Some doubt must be cast on the results 'from 
Pit No, 4 but the comments above still apply.
Source B relates to rock samples taken from the .Cut A v and the conclusion 
is again of a chalk substantially saturated with low air voids, Sample 10 
however is. 9% moisture content below saturation and as recorded at the time 
probably -reflects dessication since excavation.
Source C are samples removed from the batter paving adjacent to the S.E. 
abutment and show a chalk at least 10% below the *as dug* moisture content.
Source D gives details of density tests carried out by the writer on U100 
samples taken by "shell and auger” rig from the north abutment of'the 
eastern bridge after substantial settlement had occurred.
The chalk has an average moisture content of about 20%, but dry density and 
air voids values vary greatly perhaps due to -
(a) variations in compaction due to layering
(b) the method of sampling used.
Also available are the SPT *Nf values for an .adjacent borehole which are 
plotted in Figure 4.2/6.
Backfilling to the abutments commenced in early April using previously 
stockpiled chalk, and the work was complete by the middle of June. The 
application of dry lean was complete by early July.
Rainfall in April, May and June was very light, Meteorological Office 
figures giving 11.5, 14.8 and 12.5mm respectively, with no heavy showers.
July had one heavy shower which accounted for almost the entire cummulative 
monthly rainfall of 34.6mm. On August 8th the first correspondence 
concerning subsidence passed between the Engineer and Contractor, and 
was related to disorders observed at the north end of the western bridge.
It is clear that the subsidence must have occurred earlier than August 
8th, and was probably triggered by the heavy rain of mid-July.
Only 2.5mm of rain fell in August, but in early September a rapid 
deterioration of the waather took place, perhaps fortunately, while 
the protective road surface of the western bridge was being broken out for 
remedial works.
Cummulative rainfall for September reached 83.8mm and during this time further 
self-settlement occurred to the western bridge approaches and it became clear 
that the eastern bridges were beginning to suffer the same problems.
The observed settlements of the fill away from the underside of the crossbeam 
at the top of the spill-through abutment were of the order of 200mm, while 
50mm settlement was observed at the road surface.
Conclusions
Upon investigation, the embankments were found to contain a low density 
chalk whose moisture content was up to 15% less than that in the cut area.
This difference in moisture content can be attributed to the fact that the 
chalk was stockpiled over two exceptionally dry Summers after it was 
excavated. Under the circumstances a drop in moisture content of only 15%
seems fairly low, especially in view of the fact that Heath (1965) has 
reported a moisture content drop from 30.2% to 23.6% for chalk laid out 
to dry for four hours in the Cressex fill area of the High Wycombe bypass 
at 24r*28°C.
3Dry densities varied between 1.09 and 1.58Mg/m for UlOO samples supplied 
by the Resident Engineer and taken by :shell and auger drilling rig, giving 
air voids percentages of up to 36% (See Table 25),
Observations of the methods of drilling used showed that small quantities 
of water were added to assist boring. Since the road pavement was broken 
out prior to the drilling, further exposing the chalk fill to ingress of 
water, it is likely that the moisture contents of the fill during compaction 
were lower than recorded in Table 25 . It is also probable that the 
driving of the UlOO sampler tubes provided additional compactive effort to 
the chalk.
The parameters influencing the dry density obtainable under compaction are:-
(i) moisture content
and
(ii) compactive effort.
Figure. 4^2/8 shows a compaction curve for chalk fines from Cut A of 
the site. B. S. Standard compaction was used (B.S. 1377:1975 —  
test 12) It can be seen that at the natural moisture content of the 
ohalk (around 30%) the chalk can be compacted to give less than 5% air voids. 
However, at 15% moisture content and at this compacti\£ effort the chalk cannot 
be reduced to less than 20% air voids. The solution lies in the 
application of more compactive effort and standard texts such as "Soil 
Mechanics for Road Engineers" clearly indicate that as compactive effort is 
increased -
(i)
(ii)
(iii)
Another factor contributing to the high percentage of air voids remaining 
in the fill immediately adjacent to the bridge structures lies in the
geometry of the bridges. Chalk must be compacted up to the underside of the
the optimum moisture content is decreased
the dry density is increased (except wet of optimum)
air voids are reduced
cross-beam supporting the deck, Clearly such a task can only be carried out 
by hand, and the compactive force supplied by hand ramming in this area 
would not be effective in reducing the percentage of air voids.
The maximum settlement occurred adjacent to the bridge abutment and it is 
important to note that the depth of backfill in this area is significantly 
larger than other parts of the interchange because of a lower existing ground 
level and the excavation required for foundations.
A granular wedge, as shown, in Figure4-2/5was constructed to the edge of the 
cross-beam. The reasons for the installation of granular wedges at 
structures are usually .
(i) to ensure that water pressures do not develop against the structure, 
thus increasing the lateral load applied to the structure.
(ii)’ to provide a ramp from the structure (x^ hich is designed to undergo 
very small settlements) to the fill (which will inevitably self- 
settle to some extent - for example see Cross (1970), Cox (1971) 
and Dennehy (1976)).
The granular wedges installed at the interchange bridges failed to assist 
either of these functions because:-
(i) the granular material used was almost certainly less permeable
than the chalk fill. Thus water entering the wedge would not be 
channelled to the gullies at the back of the cross-beam, but would
pass vertically down into the chalk fill
(ii) the granular wedge did not extend below the base of the cross-beam and 
was therefore underlain by. up to 8m of chalk fill capable of settling.
Self settlement at this location amounted to' about 4h %  of the chalk fill. 
Considering that the chalk was double handled, thus encouraging the 
formation of peds, the maximum collapse values indicated in section 3.3.4.
Figure 3.3.4/1 might.be expected and an average percentage air voids of only 9% 
might be expected in the fill. The average value actually determined 
was about 19.5%, but it is almost certain that remedial measures were taken 
before a large part of the self-settlement occurred, and that the mass of the
fill was not wetted up by this time.
4.2,4. Bulking and Shrinkage
Large hand dug insitu water replacement density tests in both chalk 
cut and fill on this site give results that indicate that soft chalk 
allwed to break down during excavation will undergo a shrinkage of the 
order of 12%. This occurs because a considerable volume of water must 
be lost before crushed soft chalk becomes traffickable, and experience 
on the site tends to donfirm the results of insitu tests. With a 
theoretical surplus of about 10% of chalk fill on the northern part of 
the contract, no fill was carted off site to tip.
Tests results on better quality chalk fill, compacted only by the tyres 
of the lorries used to cart chalk to the embankment indicate that, at 
least at the surface of an embankment, soft chalk can be made to bulk 
slightly if breakdown is limited. On this site an average bulk of over 
4% was found, but this figure would presumably be reduced on average 
due to embankment self-settlement.
TABLE 25  CHALK PROPERTIES
SOURCE ■
(see text)
T- ,
S A M P L E NATURAL
M / G  g/q
SAT.
m / c  %
|A!R MOmS- 
0/
1 lo
[d r y .
[DENSITY
Mg/m3.
, 1,38 
1.32
1.45
1.37
1 PIT NO. I >  FILL C r :~
PIT NO, 2 , >
PIT NO, 3
;> ^CUT-Av
PIT NO, 4
31
32 
32 
29
-
6
9
1
10
1 SAMPLE 8 . 29 32 _ 1.45
SAMPLE 9 26 30 —  . 1.49
SAMPLE 10 23'* 32 • / —  “ 1.44
G SAMPLE A 17 » •»'
SAMPLE B 18 - - mm ■
SAMPLE C 18 - - -
0 B.H. 1 4.30-4.75m 25 1" 12 1.41
B.H. 2 1.00-1.45m 15 21 1.53
B.H. 2 2.00-2.45ra 3.6 16 1.58
B.H. 2 3.00-3.45m . 22 ; ' 36 1,09
B.H. 2 4.00-4.45m 24 Hi?:'; e 1.51
B.H. 2 5.50-5.95m 20 -V . ' 22 1.36
B.H. 2 6.50-6.95m 17 22 1.46
TABLE 26  KEY DATES
DATE ACTIVITY
6/4/76 w.s. Chalk backfilling to the abutments began.
20/5/76 E.B. Chalk backfilling to the abutments began.
1/6/76 W.B.
E.B..
Start of backfilling TYPE fF f material for 
granular wedge.
11/6/76 W.B. Application of dry lean started.
26/6/76 E.B. Application of dry lean started.
5/7/76 W.B.
E.B. Pavement to bridges began.
6/7/76 W.B.
E.B.
Based-out'both bridges with tarmac.
26/7/76 W.B.
E.B.
Work on joints began, finished 11/8/76.
11/8/76 W.B First written letter about subsidence, R.E. to 
J.L.C.
3/9/76 W.B. Break out pavement to North of bridge
8/9/76 W.B. Break out pavement to South of bridge.
13/9/76 W.B. Further subsidence, break out more pavement North 
of bridge.
20/9/76 E.B. First written letter about E.B subsidence in the 
S.W.approach.
22/9/76 E.B. Repairs to the above started then discovery of 
subsidence around the wing walls.
23/9/76 E.B. North and South approach roads start of breaking 
out. Larger granular wedge required in all 
abutments^ letter received from R.E.
7/10/76 E.B. Two boreholes taken by R.-E* at N.W.of bridge 
adjacent to the cross beam, before the pavement 
was broken out in this area.
W.B. ** West Bridge 
E.B. ~ East Bridge
TABLE 27
SPECIFICATION CLAUSES RELATING TO CHALK EARTHWORKS
SITE B ' . •
60IX
(ill) Unsuitable Material* shall mean other than suitable material and shall 
include: -
(f) materials having a moisture content greater than the maximum 
permitted for such materials in the Contract, unless otherwise 
permitted by. the Engineer.
603X Excavation of Cuttings
1. The excavation of chalk shall only be carried out by means of either a face 
shovel or other front loading shovel so as to reduce the degredation of 
the material to a minimum.
609X Compaction of Embankments and other Areas of Fill 
1. All materials used in embankment.3 and as filling elsewhere shall be 
compacted as soon as practicable after deposition. Compaction shall be under­
taken to the requirements of this Clause and Table 3 by approved plant, except 
where the Engineer directs or permits a departure from the requirements of the 
Table.
7. Each layer of chalk used as fill in embankments shall be spread and 
levelled in accordance with Clause 608 and systematically compacted in layers 
of single thickness having a compacted depth between 450 ram and 550mm.
Compaction shall be applied by three passes of a smooth wheeled roller with a 
force per 100mm width of roll of 2.6 to 5.2kN or a grid roller with a force 
per 100mm width of roll of 2.6 to 5.2 kN. Should the Engineer consider that 
additional passes are required he will instruct the Contractor accordingly 
and issue a Variation Order in respect of the chalk fill concerned. Where 
however the chalk contains sufficient soft materials for satisfactory compaction 
to the requirements of Table 3 the fill shall be compacted to such latter 
requirements.
10. Each layer of chalk used for refilling foundation pits and trenches shall 
be compacted by vibratory roller or power rammer to a depth of compacted layer 
between 300mm and 450mm. The number of passes applied to each layer shall be 
obtained by taking half the compacted thickness of the layer and applying the
numbers given in Table 3 under column headed !JWell-graded Granular and Dry 
Cohesive Soils”.
6IPX (iv) Formations of Chalk
(a) All surfaces below carriageways, lay-bays, cycle tracks, footways and 
hard'shoulders shall after reinstatement of any soft areas, be well 
cleaned and freed from mud and slurry.
(b) The formation shall be regulated and trimmed to the requirements of 
Clause 701. The excavated material shall only be placed in embankments 
beneath paved areas with the express permission of the Engineer.
(c) The trimmed formation shall be rolled by one pass of a smooth-wheeled 
roller having a force per 100mm width of roll of 2.61 to 5.22 kN and any 
soft areas shall be reinstated.
The completed formation shall be sealed and blinded in accordance with the 
requirements in Clause 916.
617 Restrictions on Earth Moving Equipment
1. Equipment used to haul any material over any chalk cuttings or embankments 
in the process of construction shall be restricted to vehicles with a struck 
capacity which, when fully loaded, does not exceed 15 cu. m. Alternatively 
chalk may be hauled by a conveyor system to the approval of the Engineer.
618 Seasonal Earthworks
1. Chalk to be incorporated in the Permanent Works shall not be excavated or 
compacted between 1 November and 31 March unless specifically permitted in 
writing by the Engineer.
620 Capping Material on Embankments
1. The chalk used as capping material for the 600mm below formation level 
in all embankments shall be continued across the cut-fill line and terminated 
at the point on the centre-line of each carriageway where the underside of the 
capping material is 1060mm below existing ground level. The materials removed 
to accommodate this extension of capping material shall be treated similarly 
to other cut materials.
621 Special Characteristics of Soils
.1, The following are the soil that the Contractor is expected to encounter 
when excavating in cuttings and below formation together with the moisture 
contents (MCU) above which the material will become "unsuitable" as defined 
in Clause 601X:-
Soil Type Motorway Chainage MCU
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Dry Density 
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25 30
Moisture Content %
TYPICAL COMPACTION TEST RESULT 
B.S. 1377: 1975 JEST 12 SAMPLE 4C
4.3 Site C
4.3.1 Description of the Works
Site C involved the construction of a dual carriageway bypass to the 
south of a town in east Sussex. Major works for the project included
(a) the construction of a railway overbridge
(b) the excavation of two cuttings in chalk
(c) the building of a stage constructed embankment over the
flood plain of a river.
(d) the construction of a river underbridge.
Although the writer was involved in problems with all of the major parts 
of the' project, this section deals only with suitability, excavation problems 
and bulking and shrinkage,
4.3,2. Degradation and traffickability problems
The chalk used in embankments on this project came from two major cuttings -
(i) Ch. 3700 - 3960 (approx.) Cut A
(ii) Ch. 1080 - 1600 (approx.) Cut B
At the time of tender the writer was presented with two chalk samples from
near surface locations from the second cut. The results of tests completed 
in May 1975 were: -
Atterberg limits 
(4pt.Casagrande)
Sample No. 
1 2
25 23
20 21
5 2
As received rock m/c % 22
21
18
18
21
16
19
20
19 19
23 19
Dry density (Mg/m^) 1.67 1.74
1.69 1.68
1.71 1.77
%  fines produced dry 5 5
by 30s vibrocrushing .- 'sat. it y
flooded 29 19
Predictions made at this stage were -
(i) that the material would behave well even if scraper excavated
(ii) shrinkage might be expected to be less than 57,.
When the contract was finally !let the writer was able to obtain samples
from the south faces of the two cuts. Results for chalnage 3840 of
the Cut A , excavated in Cenomanian Chalk were as follows
Sample tfo. Av. Dry 
Density 
Mg/m-*
LL
%
PL
7,
Av. Point 
load index
(xs)50
MN/m^
Vibrocrushing test 
% fines in the three 
test parts.
80C i.77 30 23 1.14 5 / 1 0  / 19
81C 1.83 29 21 0.99 6 / 117 18
82C 1.98 25 20 1.06 6 / 7 / 1 5
83C 2.06 24 17 1.15 7 / 9 / 2 0
84C 1.91 27 20 1.11 7 / 1 3 / 2 7
See Figure 4.3/2 for locations
The specification for the contract placed the following limitations on 
earthmoving chalk -
(i) excavation to be by face shovel
(ii) haulage, restricted to vehicles with less than 15m^ struck capacity
(iii) compaction to be applied to chalk layers of a compacted thickness
of 450mm-550mm by three passes of either a grid or smooth wheeled
roller giving between 2,6 and 5,2 KN/100mm width.
As might be expected few trafficlcability problems were reported.
In the other major cutting a similar testing programme was carried out 
on samples whose locations are shown in Figure 4.3/2. The results were:
Sample No.
104C
105C
106C
107C
108C
109C
Av.Dry 
Density 
(Mg/m3)
1.64
1.69
1.69
1.70 
1.74 
1.73.
LL
7o
27
26
27
26
26
25
PL
%
21
21
21
21
21
21
Vibrocrushing test 
% fines produced in 
the three test parts
6 / 11 / 27 
8 / 11/22 
8 / 11 / 23 
8 / 11 / 23
7 / 9 / 15
5 / 10 / 16
In the case of the sample with thehighest saturated moisture content 
(104C), the natural moisture content of the chalk could not exceed 3% below 
its liquid limit. In most cases the chalk has a natural moisture content 
in excess of 5%  less than its liquid limit. Taking the vibrocrushing 
values into account, once again it is not surprising that few problems were 
reported.
4.3.3. Rock excavation
As excavation proceded in Cut A it became increasingly difficult 
to extract the chalk in blocks which could be handled by loaders and dump 
trucks. The data above shows that these problems were associated with an 
increase of dry density from less than 1.80Mg/m^ to more than 2,00 Mg/m^. 
Franklin point load index ( Is (5 0))and vibrocrushing test results did 
not detect significant increases in strength down the cut, although wispy 
"horsetails11, commonly associated with indurated parts of the deposit , were 
seen at level of sample 83C.
These physicalproperties do not, however, convey the whole picture, since 
although the chalk was very hard it is normal in this area for the 
Cenomanian to be rhythmically bedded, with quite large variations of calciraetry 
across each rhythm. (See Kennedy (1969), Destombes and Shephard-Thorn 
(1971)). The part of each rhythm with the lowest calciraetry tends to present 
a plane of weakness which weathers more rapidly and which might be expected 
to ease excavation. In the case of Cut A inspection of the chalk was 
made much easier by the presence of the vertical face of the Southerhara Grey
pit immediately behind the top of the bypass cutting. Figure 4.3/1 arid 4.3/2 
show that, as expected, the chalk is rhythmically bedded over most of the 
face, but that in the area backing onto much of the top half of the quarry the 
face consists of a band of chalk where the clay content is considerably 
reduced. The chalk dips towards the cutting so that this material would 
occur at a lower level during excavation.
Chalk excavated from the lower part of the cutting commonly came out in blocks 
of about lm.cube and.had.to be broken down by hydraulic braker before being 
transported from the cut. These massive blocks seem to have arisen from a 
combination of -
(a) high intact strength
(b) large insitu block size
The test results suggest that rock excavation is likely to be a problem if 
the dry density of the chalk is more than 1.90 Mg/m3, and that even under 
these circumstances it will need to have an insitu block size corresponding 
to Grades I/ll (Ward, Burland and Gallois (1968)) before problems will be 
encountered.
4.3.4. Bulking and Shrinkage
The material excavated from Cut B was of a uniformly high density for 
a white chalk, with rock densities determined at between 1.64 and 1.74Mg/m3,
The vibrocrushing test results also indicated good chalk. Under these 
conditions, and allowing for the light compaction specified, it had been 
predicted at tender stage that shrinkage would be less than 5%. (Section 4.3,2)
In the event only two large density pits were carried out during construction.
o
These gave dry densities of 1.546 and 1.437 Mg/m , with moisture contents of 
22% and 24% respectively. When compared with the lowest material sampled 
(104C), which would probably have made up the latest lift, this gives an 
average bulking of almost 10%. This figure is supported by air voids 
percentages of 8.4% and 1 2.1% which almost certainly represent voids inbetween 
the intact chalk (rather than inside the chalk structure) because the 
moisture content of the density pit material had not been reduced from its 
intact saturated moisture content (2 0 -22%)
CHAINAGE 3840 - SOUTH BATTER - CUT A - SITE C
Distances are in metres, down the batter from the nail in 
marked 28.74,
Distances 
0 - 0.6 
0.6 0.8 
0.8 - 2.4
2.4 - 2.5
2.5 - 4.5
4.5 -5.7
5.7
6.6
7.8
10.1
13.3 
16.2
18.3
Description
Topsoil >
Hard grey CHALK. Grade IV-III 
Typical block size 50-200mm
Thin marl layer, probably not 
laterally continuous
Hard grey CHALK. Grade III 
Typical block size now increased 
from above, but chalk is flaggy 
with bedding at 100-125mm.
As above.
Block size typically 300mm, and 
somewhat flaggy.
First pronounced ledge. Chalk 
below this level bedded at c,300mm.
Pronounced ledge. Bedding 0.6-0.8m 
thick.
Top of ledge. Beneath this level 
bedding is massive, and not often 
discernible between ledges.
Top of ledge. Beds 0.5-0.6m 
thick where, visible
Top of ledge. Blocks 0.8x0.8 
x 1.5m.
Top of ledge. Blocks typically 0.6m 
cube and larger.
Massive ledge . Blocks below this 
level typically larger than lm cube. 
Flasers in this bed are typical of 
other chalk hardgrounds.
batter rail 
Samples
1.5m 80C
5.0m 81C
8.0m 84C
10.7m 82C
20.0m 83C.
L J
NORTH FACE OF SOUTHERHAM GREY PIT
Clay layers rapidly weather back leaving 
high calcimetry chalk standing proud.
Zone of chalk 
with reduced 
clay content.
Fig:- 4-3/1
I09C
I08C
'I04C
SECTION AT CH. 1340 S ITE  C, CUT B} SHOWING SAMPLE POSITIONS
(7 /1 0 /7 6 )  ,
Batter rail marked 2 8 .7 4
4 .5
5 .76.6.
7.8.
Topsoil
Quarry
face
13.3
16.2
18.3
F.R.L. 28 .7
SECTION OF SOUTH BATTER -  CH. 3 8 4 0 .  CUT A
SITE C
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4.4 Site D
4.4.1 Description of the VJorks
Site D provides a dual-carriageway access from a motorway in Berkshire 
to a nearby town. The contract consisted of about 4km of roadworks, 
including two major cuttings and some bridgeworks. The contract was 
carried out in the period from 1973 to 1975.
The main .cutting areas on the contract were -
Ch. 1800-2300 approx.
Ch. 2300-2700 approx.
Ch. 3200-3400 approx.
Ch. 3950-4250 approx.
4.4.2 Traffickability problems ' ■
The reported severity of problems encountered on the site in general 
terms was:-
WORST Cut A south Serious problems in excavation and
placing with.scrapers. No compaction 
possible.
Cut A north Problems in trafficking placed chalk
and in use of MOT Cl. 609 compaction.
v
BEST Cut B Some compaction problems but chalk
rapidly regained stability.
In addition to -the cuttings on this site, the earthmoving subcontractor had 
also previously carried out earthworks for a small road contract (Cut D) a 
few miles to the north. On this site scraper excavation had continued during 
the winter months without the occurrence of any problems.
The methods of excavation and compaction were not uniform during the 
entire earthworks construction on the site. The bulk of the material 
was excavated with light motor scrapers ( TS 14fs and CAT 621), but 
once problems had been encountered during the first season, face shovels 
and lorries were briefly used. In addition D8 tractors and towed scrapers 
are believed to have been used in the later stages of construction.
(i) Cut A south
(ii) Cut A north
(iii) Cut .B
(iv) Cut C
Similarly the chalk in each cut did not behave in a uniform manner. No 
special problems were encountered south of chainage 2100 on the Cut A 
south, although in common with all the chalk from the A ‘
cutting it was not possible to apply the specified compaction once the 
material had been placed in the fill area. However in the area between 
chainage 2150 and 2300 the chalk became puttied and there were some 
traffickability problems in the cut area once the contractor had cut below 
the pipes and river valley gravels in the upper part of the excavation.
To the north of Ch. 2300 once again there were'no problems in the cutting 
area-. Some of the material was worked in the winter, mainly from the 
north end of Cut A, ■>-.t'-
The earthmoving subcontractor requested the Engineer to allow the use of 
PFA with the chalk, in an attempt to reduce problems. This request was 
granted by the early part of the second season, April-July 1974. Some 
uncertainty as to the .' efficacy of the inclusion of PFA on this 
site exists. Clarke (1976) reports that unpublished laboratory tests have 
shown that more than 40% PFA is required to give significant strength 
increases, and since the particle size distribution of PFA ("fly-ash”) is 
generally fairly similar to remoulded chalk its permeability might be 
expected to be equally low. Since the earthworks problems on this site 
relate to excessive soil watery in the short term the only apparent advantages 
in using PFA might be
to include it as a dry powder and thus bring about an overall 
reduction in moisture content,
form a series of hard layers within the fill which could form a 
stable platform for plant manoeuvres.
Tests carried out on the two major cut areas on the site, and on 
the Cut D material, gave the results shown in Table ^28. Some 
additional rock density and plasticity tests were also carried out, and 
are included in Table 29. . \
In addition to laboratory studies, the contractor employed a consulting 
engineer to carry out detailed logging of the chalk exposed in the cuttings.
(i)
or
(ii)
In brief the visual weathering grades for each of the cut areas were:-
(i) Chainage 1800-2300 ~ Cut A - South —  .....
Generally grade IV with some soft putty in the joints, but some
grade V near the surface. Only very small amounts of grade III at 
the base of the cut.
Considerable pipes infilled with clay, flint gravel, and sand.
River valley gravels at top of cut.
(ii) Chainage 2300 - 2700 - Cut A - North
Top half of cut grade IV, bottom half grade III, Some swallow holes
and associated material. Generally less weathered than in Cut A., 
south.
(iii) Chainage 3200 - 3400 Cut B.
Small quantities of grade IV material near ground surface, but
generally grade III with some grade II material.
It is quite clear that the material giving the worst performance was more 
heavily weathered than that giving the good results, but the weathering 
penetration is probably a function of the original weakness of the intact 
chalk. '
Vibrocrushing tests unfortunately were not carried out on material from the 
worst area of Cut A south. However, the remainder of the results, although 
variable, quite definitely indicate Puig*s category of "doubtful” chalk for 6 
out of the 7 Cut A and B tests, and "good" to "doubtful" for the Cut D samples.
Since there were no problems at Cut D even with winter scraper working, this
may indicate that Puigfs 30% limit for the "flooded" part of the vibrocrushing 
test is slightly conservative.
4.4.3 Shrinkage > ■
No precise figures have been obtained for this site but it is understood that
3of approximately 200,000 m of cut chalk there resulted a shortfall of about 
25,000m . This gives a shrinkage factor of about 12%%, which might be 
expected from the fact that severe breakdown of the chalk occurred during
construction. With an average moisture content of about 28% and liquid 
limit of about 26% clearly a considerable loss of moisture would have 
to occur before stability would be regained.
TABLE 28
Test Results for SiteD
Moisture content determinations
(a) Cut A South .
(i) South of ch. 2150 Av. moisture content = 26.3%
(ii) Ch. 2150-2225 Av. moisture content =32.2%
(iii) North of Ch.2225 * Av. moisture content = 28.2%
(b) Cut A North
Av. moisture content = 29.5%-
(c) Cut B ■
(d) Cut D
Av. moisture content = 26.2%
(a) North cut Av, moisture content =22.3%
(b) South cut Av. moisture content 
% fines
= 2 1 .0%
Vibrocrushing test results 
(a) Cut A South
Dry Saturated Flooded
Ch. 2270 4m above F.R.L 8 27 67
Ch. 2140 2m above F.R.L 7 18 53
8 16 53
(b) Cut A North ■•• -
Ch. 2350 2m above F.R.L 8 19 47
Ch. 2490 At about F.R.L 10 32 81
Ch. 2490 4m above 
(c) Cut B
F.R.L 6 24 81
Ch. 3310 lm above F.R.L 7 20 54
(d) Cut D
North cut 6 9 35
South cut 8 12 30
TABLE 29
ADDITIONAL TEST RESULTS 
..   SITE D
Sample No. lEL LL PL jr.
Cut B * '
3A / 2.50 1.54, 1.47, 1.54. 29 24 5
3A / 4.40 1.48, 1.49, 1.54. 30 24 6
3A / 9.45. 1.50, 1.58, 1.62. 28 21 7
Cut A North
5 / 2.40 1.53, 1.55, 1.54. 30 24 6
5 / 4.26 1.60, 1.63, 1.75, 27 21 6
6 / 4.51 1.55, 1.52, 1.59. 28 22 6
6 / 8.48 1.57, 1.54, 1.47. 30 25 5
Cut A South
9 / 4.74 1.54, 1.55, 1.55. 27 23 4
9 / 10.70 1.70, 1.70, 1.6 8. 27 21 6
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4.5 Site E
4.5,1 Description of the Works
The roadworks of Site E provide a northern diversion around a small town on 
the Wiltshire border with Somerset and Dorset. The works consisted of a 
number of bridges, to provide access at either end of the bypass.and to 
carry a side road and farm access over the b3*pass. Earthworks consisted 
of a major sidelong cut through the north-west flank of a hill near the 
west end of the site, and some minor works at the east end of the bypass 
to realign a side road.
4,5.2. Earthworks traffickability problems
The earthworks for the project were started in the spring of 1975 and were 
substantially complete by mid-November of the same year. TS14 motor 
scrapers were used on both the East cut and West cut, except in the lower 
half of the West cut where Poclain excavators and dump trucks were used* 
and additional breakers had to be introduced, (Section 4,5.3.) Although 
work continued to mid-November no traffickability problems were reported.
Sheet 297 of the 1 inch geological survey map shows that all the areas of the 
cut lie in the Holaster subglobosus zone of the Cenomanian. Observation 
of the material on site confirmed this, since the top of west cut was seen 
to have a slightly reduced calcimetry, and a sandy material which may 
represent the local form of the Totternlioe stone was observed in a pit 
excavated adjacent to the site offices, the lowest level on the site.
Samples were obtained from various parts of the site, as detailed below:-
Sample No. Location Av.YD Av.sat 
(Mg/m^) m/c(%)
LL
(%)
PL
(%)
56C Stockpile at E. end of bypass 1.85 17 31 21
60C Pit adjacent to site office 1.97 14 33 22
61C East cut 1.90 16 31 20
62C West cut-top,adjacent to 
access bridge :
t
1.97 14 27 18
79C Rock excavated from west cut 1.98 13 37 22
With the exception of sample 60C, which was not used as common fill, ana 
sample 7SC which was excavated as "rock" all samples have a saturation 
moisture content of 4% less than their plastic limit, and about 14% less 
than their liquid limit. Therefore when completely remoulded they would 
not be expected to be unsuitable. (See section 3.2.1). The material 
would not be expected to totally degrade, and indeed section 3.4.4.2
O
has shown that chalk with a dry density of more than 1.90 Mg/nr' will give 
vibrocrushing test results in Puigfs "good” category.
4.5.3. Rock excavation . • '
During excavations in the lower half of the West cut a ledge of rock 
was encountered and was broken up using a D 8 tractor with a Kelly ripper 
and a Poclain with a hydraulic breaker. According to one operator 
subsequently interviewed by the writer the chalk could have been removed 
without additional plant, since the ripper made easy work of it. However 
both the main contractor and the engineer were convinced that this was not 
the case.
Although sample 79C represents the densest material tested, it is not 
significantly denser than sample 62C. However it does have a considerably 
reduced calcium carbonate content. Chemical analyses of the 5 samples from 
the site gave -
Sample No. % CaCo
56C 75.7
60C 59.0
61C 80.9.
62C 77.2
79C 41.3
The reduced calcimetry of sample 79C is not due to increased clay content,
X-Ray fluoresence analysis gives the major constituents as -
Alumina (as AI2O3)
Iron oxide(as Fe2 0 3)
Calcium oxide(as CaO)
Magnesium(as MgO)
Silica (as SiC^)
Loss'cn ignition(900°c)
Calcium carbonate(CaCO^)
% by weight 
3.93
1.78
23.10
0;86
51.50
20.40
41.30
whilst X-ray diffraction gave a calculated quartz content of 37% and 
indicated a clay content of perhaps as much as 10%, principally in the form
of montraorilIonite but perhaps with the presence of some chlorite,
paragonite or illite.
Thin sections made up from the sample show that the material is composed
j
principally of micrite and quartz, with some foraminifera1 debris. :
A point count of 1000 points on the thin section, as seen under polarized 
light, give percentages by volume of the various constituents as -
% of total % of solid
Matrix - Micrite
Microfossils 
Clay minerals
Disseminated iron .
Cryptocrystalline quartz 61 68
Quartz grains 24 27
Microcline 2 2
Iron minerals 1 1
Chlorite 2 2
Voids 10 -
Since the matrix could not be resolved at the magnifications available
(up to xlOOO) a sample was examined using the scanning electron microscope.
The material appeared as a very compact mass, with very few distinguishable
features. X-ray analysis carried out on various parts of the micrographs
are shown in conjunction with the micrographs in Figures 4,5/1 to 4.5/2^
The groundmass appears to consist of intergrown calcite and silica.
Occasional large blocky crystals were identified as either silica or calcium
carbonate, but over much of the surface of the sample even the use of low
energising voltages, to reduce the depth of penetration of the probe, or a
2single beam to reduce the area sampled to about l)x , could not distinguish 
between the individual constituents.
It is concluded that the material classified as rock did have considerably 
different properties from most chalks. A large proportion of silica in the 
form of quartz grains would tend to make the material slightly harder to dig, 
but the addition of silica dispersed throughout the structure could be expected 
to significantly indurate it.
4,5 4. Self-settlement
Some slight self-settlement reportedly occurred on this site during 
construction. No granular wedges were used adjacent to structures.
No detailed information is available on these sites, but it is known that 
a limited amount of the fill was bowsered during placing and compaction, 
and much of the fill received several heavy rainshowers during placing.
Since the chalk on this site has a natural moisture content well below its 
plastic limit, the formation of peds as a result of remoulding and 
stockpiling would not have been possible. Therefore it is assumed that any 
self-settlement would be of the rockfill modelled by Rowe cell tests 1-5 
in Section 3.3,4,
X-ray analysis -  single beam (c. Ip x \p) -  20kv .
Si Ca Fe
1
. . .
1
J \J
t A L
10476 -  x 5750 . Calcite crystal 
with silica & calcite groundmass 
below
X -ra y  analysis -  single beam -  2 0 kv
Si Ca Fe
10474 -  x 2 9 0 0 .  Portion of 
specimen with high silica content
I
X -ra y  analysis -  whole fie ld  -  lOkv
10 47 3  -  x 2 9 0  Foraminiferan
SAMPLE 79c -  ELECTRON MICROGRAPHS 
AND ENERGY DISPERSIVE X-RAY  
ANALYSIS
10472 -  x 5 7 5 0  Detail of foraminif 
test compared of aragonite
Fig> 4 - 5 / 2
X -ra y  analysis -  whole field -  20kv. exciting voltage
104 75 -  x 2 9  General view at 
low magnification
X-ray anolysis -  central particle -  30kv |Q 470  _  M 5 7 5 Q  CQ|c|t#
particle
I
A /
Si Ca Fe
X-ray analysis -  central particle -  3 0 k v
10471 -  x 11500 Quart*  
particle
SAMPLE 79c -  ELECTRON MICROGRAPHS AND ENERGY 
DISPERSIVE X-RAY ANALYSIS
Fig:- 4 -5/1
4.6 Site F
4.6.1 Description of the Works 1
This section considers only the earthworks problems associated with two 
contracts on site F. In the first contract advanced earthworks were carried 
out to construct a motorway embankment together with various interchange 
works in the harbour of a major town on the Hampshire coast. The chalk 
fill used in these embankments was obtained from a long cutting stretching 
to the west of the fill area.
The second contract was for the construction of the motorway immediately 
to the west of the first contract, and included excavation of chalk for 
an interchange at its eastern end. This excavation therefore adjoined 
the western end of the excavation on the previous contract.
4.6.2. Advanced earthworks
The chalk excavated for the advanced earthworks came from the south side 
of an anticline of Senonian chalk, and according to Brydone (1912) this 
area consists of the zones of A.quadratus at the harbour end of the cut, 
becoming B.mucronata chalk near the highest most westerly .part of the 
excavation.
The chalk was excavated using bulldozers and rippers which then pushed the 
chalk to a rockbelt loader, and placed the material on a lm wide conveyor 
belt travelling at 140m/minute. The main conveyor consisted of up to 16 
individual conveyors each with a tail end unit to receive the chalk, a 
powered drive head discharging the chalk onto the next belt, and a belt 
tensioning device. Each conveyor was generally 300-4Q0m long, but could 
be altered by the addition of intermediate sections. At the embankments 
in the harbour the chalk was discharged by a rail mounted radial stacker 
with a 2.1m reach, known as a tripper stacker. The plant used has been 
reported by Wilson (1973) and Lewis and Parsons (1974). During the contract 
approximately 3,6million tonnes of chalk were placed in the harbour.
At the fill area the chalk was reduced to an "unmanageable pudding" (Elbourne
(1974)), Self propelled compactors and bulldozers became, on occasion, embedded 
in the chalk up to the topof their rollers and tracks.
After the completion of the bulk excavations a visual assessment of the chalk 
weathering grade was carried out, primarily from the buttresses of chalk left 
standing at road crossings, but also using pits under excavation for 
foundations. The chalk was of good quality, generally grade II,
(Ward Burland and Gallois (1968)) with some grade III material seen in the 
buttress faces of the Down End road crossing.
Only limited site investigation data is available to the writer, but this 
indicates an average SPT fN* value over all the sites visually examined of 
44.4 blows/ft. (18 values-refusals-have been omitted), with a standard 
deviation of 12.5 blows/foot. With an average moisture content of about 
23% this compares well with the correlations of SPT fNf value against 
saturated moisture content given in section 3,4.4.
At the time of operation some testing was carried out on chalk on the 
conveyor. Samples were taken at the top of the belt, and adjacent material 
was marked and sampled at the bottom of the belt. These investigations have 
been briefly reported by Clapham (1975). Samples taken from the top 
and bottom of the conveyor were subjected to coarse sieving, and to CBR 
and undrained triaxial compression testing after recompaction. The 
general results of these investigations indicated -
(a) the moisture contents recorded at the top of the belt were
typically in the range 22 to 25%, The tweity minute run down the
. . belt led to a moisture content decrease of the order of 0.5 to 1,0%
(b) the results of sieving typically indicated a 10 to 15% increase
in fines as a result of transportation down the belt. However at 
the top of the belt there was an average 50-55% of material already 
finer than 4mra. (See Figure 4.6/2)
(c) CBR values taken on the top of samples prepared by static
compaction typically showed a 30% reduction between the top and bottom 
of the belt. However, the average CBR at the top of the belt was 
only 12.4% while that at the bottom was 7,2%,
(d) . undrained triaxial compression tests on the chalk did not show such a
marked strength decrease along the belt, but strongly indicated in­
creasing saturation of the samples at the bottom of the belt by 
giving much lower undrained friction angles at the bottom than 
at the top.
The results seem to indicate that much of the damage was done by the plant in 
the cut area, and that the belt conveyor merely represented the "last straw".
However, once sufficient fines were produced it is likely that these would 
effectively cushion the chalk and it is difficult to assess the effect that 
the conveyor would have on a chalk excavated by face shovel and placed on 
the conveyor by dump truck. Undoubtedly one of the factors leading to 
problems in the fill area was the speed of excavation and placing. Had 
excavation proceeded at a slower pace it seems very likely that sufficient 
moisture content could have been lost to allow successful compaction.
Vibrocrushing test results have been carried out on material available from 
local sources as follows
Sample No.
1
2
119C
120C
9P
10P
% fines from the 
vibrocrushing test.
yd
Mg/:m
1.60
1.66
1.60
1.62
1.54
1.54
Sat, m/c 
7,
25
23
25
25
28
28
Dry
14
15
Sat.
19
21
18
21
Flooded
53
49
40/48
57/58
The vibrocrushing tests indicate that the chalk is of "doubtful" category, 
according to Puig (1973). Moisture contents measured on samples taken from 
the conveyor gave the following results-
Cut End Fill End
Min, m/c 20.9 19.9
Max, m/c 26,5 26.6
Av. m/c 23.2 23.3
Std.dev. 1.1 1.4
The average values are several percent less than the available liquid 
limit results -
LL(%) PL(7o)
119C
120C
9P
10P
26
27
24
25
19
22
18
18
It is concluded that the chalk on this site was of moderate quality, and 
could have been successfully handled using face excavation and dump trucks.
The major destruction of the intact chalk appears to have occured before the 
material was loaded onto the conveyor, but the conveyor undoubtedly 
provided the additional energy to reduce the material to an untraffickable 
putty. One of the major factors causing problems at the fill area may 
well have been the speed of placing’*'
4.6.3 Interchange earthworks
In 1975 Reina reported a £250,000 claim to be lodged against the Department 
of the Environment for -loss of productivity of earthmoving plant. In 
addition problems were reported with subsidence of fill.
The chalk was excavated from the area of the Interchange, immediately to the
.west of the Advanced Earthworks contract, by heavy motor scrapers (62t Cat657fs).
Compaction was specified as 10 passes of a lOtonne roller per 125mm layer.
According to Reina (1975) the sub-contractor claimed that in between-April
3and July 1973 the Cat.657’s were shifting only 12m per machine hour on 
average. After July the sub-contractor reduced compaction to one pass of the 
roller per 600mm layer of fill, and production increased nearly ten times. 
According to other sources the performance of the plant was also affected by 
weather conditions.
Figure 4-6/4 shows a sketch of the Interchange giving the location of 
samples tested.
Vibrocrushing test results % times 
Sample Np. Av.yD Av.sat.m/c Dry Sat. Flooded 
___________  Mg /m__________ ( % )_______  -__________________ __ ______ _
1 1.56 . 23 4 15 45
2 1.59 25 5 15 49
3 1.65 22 7 14 47
4 1.61 25 6 13 37
■^Doubtful result"
Atterberg limit testing was carried out by the 4 point Casagrande method, and 
So the results are probably inaccurate. They indicate values of -
LL 22%
PL *= 18% .
as contrasted with the values for a sample from a quarry nearby which were
LL ~ 24%
PL = 18%
There seems little doubt that both the excavation method chosen by the 
contractor and the compaction method specified- by the client were in­
appropriate for this type of chalk.
* W i Hv^u-4i=
ya<Sr .’Euhr
Fig:- 4 -8/1
%  finer 
than
fO
t j to l 
I
to
n to
1
D C 
C
m m
in
D co £  O  to jn £ 
vj (\| to in ID :x
1 1 1 1 1
/ -
/
/
/
- ' • 'F i l l
Cut
-
Average Result
10 100
Particle size in mm
TYPICAL GRADING OF CHALK ON THE 
CONVEYOR —  ADVANCED EARTHWORKS 
(from Clapham (1975).)
Fig:- 4 - 6 / 2
CBR %  Bottom of 
Belt
CBR VALUES FOR CHALK AT THE TOP
AND BOTTOM OF THE CONVEYOR. —  
ADVANCED EARTHWORKS (from Clapham 
(1975).)
Fig:- 4 - 6 / 3
X  Sample 3
C h l 2 4 0 0  
— — X- Sample I
X  Sample 2
C h  12300
per Level)>ample
fice
SKETCH PLA N -W ESTER N  INTERCHANGE
Fig:- 4 - 6 / 4
3.0 CONCLUSIONS
Physical properties
The insitu moisture content of intact chalk may vary from 3% to 40%, 
while with the exception of Cenomanian chalks its liquid limit is 
unlikely to vary from the range 18% to 32%. From this it is clear that 
when excavated chalk may exhibit properties which may vary widely, 
and in extremes may behave as a rock or a slurry.
Unfortunately the distribution of hard and soft chalks is not governed 
by one simple mechanism., and it does not appear possible to predict either 
intact dry density or remoulded plasticity solely on the basis of 
biostratigrapliical position. Chalks with saturated moisture contents 
seven percent higher than their liquid limits can be found in almost-all 
zones with the exception of those of the Cenomanian, where significant 
quantities of clay minerals may be present.
Although the geographical boundaries of induration in the south by tectonics 
and in the north (perhaps by fresh water diagenesis) are only poorly known, 
it seems possible at this stage to state that without doubt the Turanian 
and Senonian Chalk of the north-east Chilterns and the Cambridgeshire and 
Suffolk areas may be expected to be of low density.
Upon remoulding, the plasticity of the fines produced is loosely linked 
to the intact dry density of the chalk because the plasticity depends 
principally on the uniformity of the particle size distribution of the 
fines. With the exception of the Cenomanian stage, Chalk does not contain 
colloidally active material.
Strength
The remoulded undrained triaxial shear strength of Chalk is dramatically 
affected by both moisture content and plasticity. Results indicate a 
maximum allowable moisture content for white chalks equal to 5% less than 
the liquid limit, but this moisture content limit may be further reduced in 
practice by the effects of vibrating plant loads causing migration of pore 
water to the near-surface fill.
From a study of the dependency of liquid limit on intact dry density 
it appears that a moisture content of 5% less than the liquid limit gives 
saturated moisture contents limits for suitability of crushed chalks in 
the range 17 to 23%. This compares well with a suitability limit value 
of 20% implied by Puig (1973) and a limit equal to the plastic limit 
(13-24%) suggested by Struillou (1973).
Because of their clay content, the Grey Chalk and Chalk Marl become
unsuitable at lower moisture contents relative to their liquid limits.
For a soft Grey Chalk, typically with a liquid limit in the range 29% to
35%, the suitability limit appears to be about 8% to 9% below its liquid
limit.
The effective strength parameters of remoulded chalks with different 
percentages of clay and widely differing intact densities and remoulded 
plasticities vary little, and at maximum deviator stress have values in the 
range c ! » 0,.0*=* 29° - 36°. The effective angle of friction is slightly 
higher for chalks with lower moisture contents, higher remoulded and intact 
densities and higher calcium carbonate contents.
For free draining fills, where degradation of the intact chalk has been 
limited or excess pore pressures do not develop during construction, a 
factor of safety against infinite slope failure is obtained of between
1.1 and 1.4 for a 1 on 2 (26.6°) sides lope. However, with the ever 
increasing speed of construction of soft chalk fill embankments it must be 
concluded that the stability of such structures is by no means as certain as 
has been suggested in the past. In particular it is likely that the use of 
a belt conveyor on a soft chalk could allow material to be placed at such a 
high speed that a liquefaction slide might occur.
Despite the problems of trafficlcability, which tend to suggest that chalk 
is a poor material for embankment construction, and the possibility of 
slope instability, both field and laboratory evidence suggest that the 
effective strength of chalk improves with time. Field observations indicate 
that strength improvement may be caused by the growth of aragonite crystals 
within months of the placing of chalk fill. If such a mechanism is 
widespread then the long term stability of embankments with side slopes of 
1 on 2 or less seems assured.
C ornpr e ssibility
The compressibility of extensively remoulded chalk is generally low.
Triaxial compression tests indicate a coefficient of volume compressibility
for white chalk at an initial moisture content below its liquid limit
2
under isotropic load increase generally in the range 0.035-0.100 m /MN.
2Oedometer tests on chalk fines give a higher upper bound of 0.5-0.8m /MN’
under low loads. However, a high initial void ratio or moisture content
2
may increase the coefficient of compressibility up to 3.0-4,0m /MN. Under 
these conditions, when saturated chalk is completely remoulded without 
loss of moisture, oedometer specimens were seen to compress without the 
application of load and these values do not therefore seem relevant to field 
conditions.
High load ccmpressibility of embankment fill is not of major concern 
because -
(i) this is usually confined to compression under low loads since a 
•' high degree of locking occurs.
2• (ii) coefficients of consolidation (Cv) are usually in the range 35-50ra'/yr
even when the chalk is extensively remoulded. For a 15m high
2embankment of material with a Cv value of 35m /year, 90% of 
consolidation would be complete within 15 months, not allowing for the 
fact that such an embankment could never be constructed: instantaneously.
Provided high embankments are allowed to stand for a few months after 
completion and before pavement construction, no major consolidation prbblems 
should result.
Dry compacted chalk will undergo collapse upon flooding. This collapse 
can occur either as a result of contact crushing in rock fill, or the 
collapse of peds in soft chalk fills. The collapse of peds leads to the 
most serious height reduction equal to one half of the volume of air voids 
present before flooding. In view of this it will not.be wise to -
(a) omit granular wedges adjacent to structures
(b) to build rigid pavement structures
(c) double handle fill material
when chalk is to be the embankment fill.
The collapse of chalk fill is observed to occur to a greater extent when
chalk is double or treble handled. Double handling -
(a) encourages the formation of peds
(b) allows the chalk to dry out to a greater extent, thus making subsequent
compaction more difficult.
The collapse of chalk fill does not appear to be stress dependent, except 
that clearly the air voids content before collapse will be dependent on the 
vertical stress level.
Upon flooding collapse occurs exclusively in the major principal stress 
direction. No significant changes in Poissonfs ratio are observed. Under 
increasing load, the ratio of effective lateral to vertical pressure (Ko) 
was found to vary between 0.26 and 0.55, the highest values being obtained 
for the chalk of lowest density. These results indicate Poisson*s ratio 
in the range of 0.21 to 0.35.
Suitability
All the chalk suitability tests examined have some disadvantages. The 
Vibrocrusliing test uses very expensive apparatus, and cannot be standardised. 
The T.R.R.L drophammer test again uses expensive apparatus but also appears 
at this stage to display insensitivity to differences between soft chalks.
Thisinsensitivity has also been observed in repeated compaction tests.
Because of its sensitivity to moisture content it is unlikely that the CBR 
test can provide the basis fcr a cheap suitability test.
All suitability tests are empirical, and therefore the use of complex test 
apparatus seems inappropriate. A simple and cheap hand dynamic penetrometer 
has been shown to be capable of satisfactorily giving a guide to chalk 
fragility. Its major advantage is that it can only be used to test the chalk 
in large blocks or insitu, and therefore preparation technique is unlikely 
to modify the material under test.
Bulking and Shrinkage
Limited site observations indicate that soft chalk aggressively excavated 
and compacted may undergo a shrinkage of 10-13%. With reduced breakdown 
of its structure as a result of face shovel excavation and no compaction
except by lorry tyres, a slight bulking can be achieved. However if hard 
chalk is excavated using face shovels and dump trucks and is only compacted 
lightly, then a bulking of up to 10% may occur.
Rock -Excavation
Observations of sites where difficulties have been experienced in excavating
3
hard chalk indicate that below an.intact dry density of l,90Mg/m no 
problems are likely to be encountered. Above this figure it is probable 
that scraper excavation will be difficult in less weathered chalk, probably 
Grade III or better. Face excavation can cope with blocks of chalk 
up to 1 .0m cube, but these must then be broken doxm before they can be 
loaded for transport away from the cut. Therefore, with the normal methods 
of face excavation a maximum intact block size of about 0.5m can be tolerated
3
if the chalk has a density of -more than 1.90Mg/m .
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APPENDIX A
Detailed results of density and plasticity tests.
R E F E R E N C E  S
1 Zone deduced from lithology, usually based on
some knowledge of local stratigraphy.
f Fossil evidence for zonation,
p Plenus marls visible and used in zonation.
6" Zonation based on 6" maps at the I.G.S
m Melbourn rock visible.
c Chalk rock visible,
t level of Totternhoe stone known.
J B and H Exposure zoned by Jukes-Browne and Kill(1903,1904)
R Exposure zoned by Rowe (1900-1908)
R(S-.H) Positions of zones identified on the basis of
cliff sections drawn by Sherborne-Hills.
Y Exposure zoned by Young (1905,1908)
Br Exposure zoned by Brydone (1912 )
B Exposure zoned by Barr (1962)
H Exposure zoned by Hancock (1967)
K and G Exposure zoned by Kennedy and Garrison (1975)
G Exposure zoned by Gaster (1924-1944)
Bl Exposure zoned in 33lez4rd (1972)
B and F Set Bower and Farmery (1909)
W Wright and Wright (1942)
Bo See Boswell (1913)
C + M Values from Carter and Mallard (1974)
B + L Values from Burland and Lord (1970)
L + S Values from Lake and Simons (1970)
SAMPLE NO. A v.^Mg/m^
Av. 
Sat,m/c 
%
L.L.
%
P.L.
% . LOCATION ZONE REF.
1C 1.72 21{ 48 22 SundQn, Beds. S.v. 1
2C 1.68+ 22 30 22 Sundon, Beds. H.s. 1
3C 1.55 27 26 20 Coulsdon,Sy. M.ct. JB+H
4C 1.43 33 26 - A20,Swanley,Kent M.ca. f
5C 1.81+ 18 25 19 Saltdean. Cliff,Sx. A.q. R(S-H)
5C2 1.53 28 29 20 tt i i  ii i i i i  i i
6C 1.84 17 28 - Betchworth,Sy. H.s. JB+H,p,my1
7C 1.72 21 29 21 » i i i i it tt
8C 1,73 21 33 23 tt it i i it it
9C 1.92 15 24 19 it i i Rh.c. JB+H,p,m,f
IOC 1.59 26 26 20 it i i i i JB+H,p,m,f
lie 1.74 21 29 21 Totternhoe,Beds. H.s, 1, t
12C 1.71 21 27 22 Lewes -Fa lmer, B.R. 
Bridge H.p. 1, 6"
13C 1.65 23 27 20 Seaford Head,Sx. M.ca. R(S-H)
14C 1.85 17 25 18 i i  it M.t. R(S-H)
15C 1.51 29 31 24 Headley, Sy. M.t. Y
16C 1.83 18 24 19 Culver Cliff,I.O.W. M.ca. B
17C 2.11 10 23 17 Freshwater Bay,I.O.W M.ct. R
18C 1.77 19 26 21 &lum Bay, I.O.W. B.m, R
19C 2.03 12 23 17 Culver Cliff,I.O.W M.t. B
20C 2.05 12 22 16 i i  i i B.m. R, B
21C 2.00 13 23 18 Freshwater Bay,1.0.Vi M.t. R
22C 1.81 18 24 19 tt it M.ca. R
23C 1.86 17 23 18 Culver Cliff,I.O.W. A.q. B
24C 1,58 26 25 20 SlueBell Hill,Kent H.p. H
25C 1.47 31 30 23 JCempStairs, Thane t M.t. R
26C 1,50 29 29 23 ForenessPt. ,Thanet M.t. R
27C 1.50 30 25 20 lose and! Crown, 
Keril'ey T.l. JB + H
28C 1.69 22 23 19 UueBell Hill,Kent Rh.c. H, 1
29C 2.23 8 22 16 South Landing 
Flamborough,Yorks
M.ca. R
30C 2.25 7 22 16 North Landing 
F lamb o r ough, Yor k s
H.p. R
31C 2.23 8 22 16 Great Thornwick- Bay 
Flamborough,Yorks.
T.l. R
+’ less' than 3 determinations.
SAMPLE NO.
a v.r*
Mg/rn^
Av.
Sat .m/6
%
L.L.
%
P.L.
%
LOCATION ZONE REF.
320 2.24 8 22 13 Dykes EndjFlamboroiigl M.t. R
330 1.58 26 25 18 Oxted, Sy. Rh.c. Y,p,m
34C 1.59 26 27 21 Central Sutton,Sy. M.ca. : y
350 1.92 15 23.* 17 Rose and Crown, Kenle> T.l. Y, 1.
360 1.67 23 23 19 i i  i i M.ct Y, 1
370 2.08 11 22 16 Oxted, Sy. Rh.c. Y, p, m.
380 1.62 25 25 19 Purley-Station, Sy. M.ct. Y
390 1.59 26 32 22 Oxted, Sy. H.s. Y, p , m.
400 ■1.61+ 25 32 22 i i  tt H.s. Y, p, m.
410 - - 30 21 Stockpile,Oxted, Sy. H.s/
Rh.c.
Y, p. m
420 1.72 21 25 21 Greyfriars Farm, 
Hogs Back M.ct. 1
430 1.72 21 26 19 Greyfriars Farm, 
Ho&s Back M.ct. 1
440 1.67 23 26 20 WOottanga Pit,Sy. M.ct Y
450 1.65 24 28 21 York Rd.Guildford,Sy. M.t. Y
460 2.21 8 21 17 Wood Lane, Seale 
Hogs Back Rh.c. Y, B.
470 1.82 18 29 22 Wood Lane, Seale 
Hogs Back H.s. Y, m.
480 1.74 21 27 21 Whyteleafe, Sy. H.p. Y
490 1.62 25 28 22 Acrow, Epsom,Sy. M.t. Y
500 1 . 6 6 23 26 21 it i i M.ca. Y
510 2.45 4 20 14 Soil Fertility,Mere 
Wilts. H.p. c
520 1.81 18 26 20 Soil Fertility, Mere 
Wilts. M.ct. c
530 2.41 4 23 18 Dead Maid,Mere,Wilts S.v. JB.+H.
540 1 . 6 8 . 22 30 22 Rose and Crown,Kenle} T.l. Y, 1.
550 1.74 20 27 20 Soil Fertility,Mere, 
Wilts. T.l. c, 1 .
560 1,85 17 31 21 "StockpileyMere , H.kS. 1, 6 ”
570 1.53 28 24 18 Rose and Crown,Kenle? H.p. Y, 1.
580 2.09 11 28 19 DeadMaid,Mere,Wilts. S.v. J B  + H.
590 1.54 28 25 19 Rose and Orown,Kenle; M.ct. Y, 1.
6 0 0 1.97 14 33 SiteOffice,Mere 
Bypass 1 ,  6 "
+ less than 3 determinations.
SAMPLE NO.
Av.rt) 
Mg/in3
Av.
3at ,m/c 
%
L.L.
%
P.L.
7o LOCATION ZONE REF.
61C 1.90 16 31 20 DeverillsCut, Mere 
Bypass H.s. 1, 6"
62C 1.97 14 27 18 Longhi1lCut,Mere 
Bypass H.s * 1, 6"
63C 1.65 23 23 17 N.E.of Lakenheath 
Suf. Rh.c. J B  + H
64C 1.97 14 38' 18 Nr .Railway, Shepreth 
Cambs. S.v 1, 6”
65C 2.26 7 20 13 N.End Hunstanton, 
Norfolk S.v J B + H
66C 2.14 1 0 2 2 16 1! I I  II S.v J B + H
67C 1.67 23 28 2 0 Cherry Hinton,Cambs. H.s. P
68C 2.24 8 2 0 16 Whitington,Norf. Rh.c. m
69C 1.67 23 32 2 1 Orwell, Cambs. s.v(?: i " ,  i
70C 1.72 2 1 34 2 2 Gayton Norfolk H.s. J B- + H, 1
71C 1.84 17 23 17 Beachy Head, Sx. M.ct. R
72C 1.84 17 24 18 it i i  n H.p. R
73C 2 . 1 2 10 42 19 i i  tt it S.v. £R
74C 1.81 18 28 2 0 i i  i i  tt T,1 R, 1.
75C 2.17 9 24 16 ti it it Rh.c. R, p
76C 2 . 1 0 11 28 18 it i i  it H.s. R, p
77C 1.95 14 28 18 BlueBell Hill,Kent S .v( ? H
78C 1.60 25 29 2 2 BlueBell Hill Kent H.s. H, 1
79C 1.98 13 37 2 2 Rock.exc.Mere Bypass H.s. 1
80C 1.77 2 0 30 23 Southerham Cut,Lewes 
Bypass H.s. J B + H, 1
81C 1.83 18 29 2 1 ti i i  tt H.s. J B + H, 1
82C 1.98 13 25 18 i t  i i  ti H.s. J B +.H,"l
83C 2.06 1 2 24 17 it tt i i H.s. J B + H,1
84C 1*91 15 27 2 0 i i  t i i i H.s. J B  + if,\l
85C 2 . 2 0 8 23 15 lm s.of Claxby on 
A 1028, Lincs. H.s. P, 1
86C 1.60 25 2.6 19 Castle Acre,Norfolk M.ca. J B+ H
87C 1.60 26 26 21 B.R.Pit, S.of 
Dorchester A.q. J B + H
88C 1.64 24 27 20 B.R. Pit South of 
Dorset A.q. J B  + H
89C 2.01 13 24 19 Sewell, Beds. Rh.c, m,p
90C 2.20 8 23 16 Claxby,. Lincs. Rh.c J B + H
SAMPLE NO.
Av.r*
>Ig/m3
Av. 
Sat.m/c
.%
L.L.
%
P.L.
% LOCATION ZONE
ff'rMninnnrwnnini — nim w  whit num ~i i t
REF.
91C 2.27 7 20 14 London Rd. Louth,Lines T.l- JB+H,B+F
92C 1.94 14 24 19 Fring,Norfolk T.l, JB+H
93C 2.06 12 24 18 A1028,S.of Claxby. 
Lincs. H.s. p. JB+H
94C 1.50 29 32 26 Sewell, Beds. H.s. ra,p
94C2 1.58+ 26: 30 23 »i n H.s. ra,p
95C 2.17 9 23 17 %m,N of Candlesby, 
Lincs. S.v/? ' JB+H
96C 2.35 6 22 16 Lulworth Cove,Dorset S.v. R
97C 2.19 9 18 13 Hillington,Norfolk Rh.c. JB+H,m,p
98C 2.23 8 19 13 A 1028,S of Claxby/ 
Lincs. Rh.c, P.l
99C 1.48 30 27 21 Greenall Castle, 
Mimms, Herts. M.ca. 1
100C 1.62 25 26 20 I r a  NE Rudham Sta.. 
Norfolk M.ct, JB+H
101C 1.87 16 23 18 Ostrich Inn,,S.Creake 
•Norfolk, M.ca. JB+H
102C 1.81 18 26 20 Fring, Norfolk T.l. JB+H
103C 1.52 29 26 19 A505,'exc.at Houghton 
•Regis,road junc.Beds, Rh.c, .1"
104C 1.64 24 27 21 "White cut" Lewes 
Bypass H.p. 6", f
105C 1.69 22 26 2t i t  i t  i t H.p. 6", f
106C 1.69 22 27 21 i t  i t  t t H.p. 6", f
107C 1.70 22 26 21 t i  t t  i t H.p. 6", f
108C 1.74 20 26 21 t t  t t  t t H.p. 6", f
109C 1.73 21 25 21 i t  i t  t i H.p. 6", f
H O C 1.51 29 30 20 Sewell, Beds. H.s. m, p
me 1.88 16 40 20 i t  i t S.v. 1
112C 1.89 16 21 16 Medmenham,, Bucks H.p. K+G, c
113C 1.83 18 23 18 Pitstone No.2,Bucks Rh.c. Bl, m
114C 1.60 25 28 21 :Medmenhaiti, Bucks T.l. K+G, 1
115C 1.52 29 23 18 i i  i t H.P.C? K+G
116C 1.54 28 27 20 Pitstone No.2,Bucks Rh.c. Bl,p,m
117C 1.71+ 22 52 23 Pitstone No.3,Bucks S.v, Bl, 1
118C 1.65 23 33 23 Pitstone No.2,Bucks H.s. Bl,p,ra
119C 1.60 25 26 19 Pau 1 s gr ova Han t s. j Br.
+ less than 3 determinations
SAMPLE NO Av.r*
Mg /m^
Av.
sat ,m/c 
%
L.L.
: %
I P.L. 
% LOCATION ZONE REF.
120C 1.62 25 27 22 Paulsgrove,Hants. A.q. Br.
121C 1.96 14 30 19 1m NE,Melford 
Bingham, Dorset H.s. P
122C 2.45 4 19 14 Lulworth Cove,Dorset Rh.c R
123C 1.55 27 26 20 Bintree Mill,Norfolk • rt JB+H
124C 1.85 17 29 19 Hillington,Nbrfolk H.s. p,m.
125C 1.64 24 23 15 Chinnor No.3,Oxon. Rh.c. p,m.
126C 2.15 9 22 17 i i  i i  ti Rh.c. p,m.
127C 2.01 13 23 18 Raywe11 Reservoir, 
Yorks. H.p. W
128C 1.93 15 23 18 it it it H.p. W
129C 1.77 19 30 20 Chinnor No.3,Oxon. H.s. P»m.
130C 2.o2 12 36 18 i i  it i i S.v. P,m.
131C 1.55: 28 53 30 Chinnor No.2,0xon S.v. p,m.
132C 1.73 21 23 16 Kemptown Sta.Sx. M.ca. G
133C 1.48 31 25 18 E.Anglian Concrete 
N.of Bramford,Suf. B.muc B°.
134C 1.65 24 27 21 Southerham White Pit, 
Sx. H.p. JB+H
135C 1.40 34 27 21 TMC,Little Blakenham, 
Suf. A.q. Bo.
136C 1.69 22 26 17 Kemptown Sta.Sx. M.t. G
137C 2.10 11 22 17 Kensworth, Beds. H.p. K+G,c.
138C 2.30 6 25 17 Culver Cliff,I.O.W S.v. R
139C 1.35 37 26 19 Kensworth, Beds. M.ct.
140C 2.27 7 23 17 Compton Bay, I.O.W. Rh.c. R
141C 1.50 30 31 24 Kensworth, Beds. T.l. c ,  1 .
.142C 2.23 8 21 17 tt ti H.p. c,K+G.
143C 1.61 25 27 19 it it T.l. c,l.
144c 2.11 10 24 17 Compton Bay, I.O.W H.s. R
145C 1.47 31 28 23 A33,Compton,Hants. A.q. Br.
146C 1.86 17 . 25 20 A33/A31 Jn,Barr End 
Hants. T.l. Br.
147C 1.38 36 29 23 A34-A33 Jn.,Bulling- 
ton Cross,Hants. M.t. Br.
148C 1.57 27 27 23 A34 4.7m S.of 
Kingsclere turning 
Hants. M.ca. Br.
SAMPLE NO.
tAv.r^
Mg/m’5
Av.
Sat.m/<
%
L.L.
7*
P.L.
% LOCATION ZONE REF.
M2 5 DARTFO
1
XD - swInley L]m
1 1.33 38 32* 2 5 400m S of Clement St.
2 1.43 33 30? 24 ibridge. M.t.
3 1.39 35 30? 24 300m S of Clement St.
4 1.45 32 30* 24 |150m S of Clement St.
4 f
5 1.43 33 30* 24 ^Bridge M.t.
6 1.50 29
j*
29 23 )150m N of C&eraent St.
35 f~
7 1.50 30 28 22 Bridge. M.t.
8 1.45 32 28* 22 A20 Cut M.ca. f
9 1.49 30 27* 20 A20 Cut M.ca f
10 1.44 32 26* 20 A20 Cut M.ca. f
11 1.48 31 Clement St, M.t.
12
13 1.47 31 Ch. 3880 M.t.
14 1.51 29 Ch. 3700 M.t.
#
M27 CON*TRACT 2 - WALL!:ngton iNTERC11ANGE
1 1.55* 28 • B.m. Br.
2 1.56 27 B.m. Br.
3 1.65 23 B.m, Br.
4 1.61 25 B.ra. Br.
A34 DON
'
NINGTON LINK
1 1.55 27 25* 20 Ch. 2350 M.ca.
2 1.57 27 25* 20 Ch. 2270 M.ca.
3 1.56* 27 26* 21 Ch. 2500(BH.6) M. C3.
4 1.55+ 27 26* 21 Ch. 3300(BH.3A) M.ca.
-
* LL and PL not carried out on lumps of chalk used in density test 
+ less than three determinations
SAMPLE NO Av.rQMg/ra
Av.
sat ,m/<
*7/o
/
L.L.
: 7o
P.L.
% LOCATION . ZONE REF.
Mil CONTR,^CT 4B
-
TP 15/4 1.45 32 M.ca, 6”
TP 15/3 1.39* 35 M.ca. 6”
TP 15/6 1.47 31 M.ca. 6”
TF 15/8 1.48 31 Mvca. 6"
TP 9/10 1.46 31 M.ca. 6,f
TP 9/12 1.40 35 M.ca. 6”
TP 10/2C 1.44 33 M.ca. 6”
TP 10/4C 1.48 31 M.ca. 6”
TP 10/7C 1.38 36 M.ca. 6"
TP 20/11 1.47 31 M.ca. 6"
TP 20/13 1.48 31 M.ca. 6”
TP 23/2 1.47 31 M.ct 6”
TP 22/5 1.40 35 M.ct. 6M
TP 22/9 1.37 36 M.ct. 6”
TP 22/15 1.43 33 M.ct. 6”
TP 25/3 1.49 30 M.ct 6”
TP 25/5 1.48 30 M.ct. 6"
TP 25/2 1.50 29 M.ct. 6”
TP 25/1 1.53 28 M.ct. 6”
TP 21/10 1.45 32 M.ct. 6”
TP 21/8 1.36* 36 M.ct. 6”
TP 21/12 1.38 36 M.ct. 6”
TP 23A/3 1.49 30 M.ct. 6"
TP 23A/9 1.40 34 M.ct. 6”
TP 23A/5 1.33 38 M.ct. 6"
TP 26/14 1.46 32 M.ct. 6"
TP 26/11 1.38 35 M.ct. 6"
TP 26/16 1.39 35 M.ct. 6”
SAMPLE NO
Av.rD
Mg/m
Av. 
sat .m/c
%
L.L.
%
P.L.
* LOCATION ZONE
. ......... ----
REF.
Mil CONTRi^CT 4B
TP: 21  f H i 1.45 32 T.l. 6"
TP 27/8 1.52 29 T.l. 6”
TP 27/5 1.43.: 33 T.l. 6”
TP 27/2 1.52 29 T.l. 6"
TP 27/1 1.58 26 T.l. 6"
TP 28/7 1.48 30 T.l. 6"
TP 28/5 1.36 36 T.l. 6"
TP 28/3 1.42 34 T.l. 6”
DENSITIES REPORT!D BY OTHER A UPHORS
30 1.57 27 Trimingham Cliff B.l. C + M
27 1.54 28 Weybourne Cliff B.m. C + M
28 1.67 23 Sherringham B.m. C + M
29 1.54 28 lm W of Cromar B.m. C + M
26 1.67 23 Between Nells Clay A.q. C + M
25 1.78 19 2m E of Nells M.t. C + M
- 1.34 - 
1.43
33-38 Bas ingstoke,Hants M.ca. L + S
- 1.47 31 Isle of Thanet M.ca. H
- 1.55 - 
1.62
25-27 Cbulsdon, Sy. M.ct.
- 1.55 27 Mundford, Norf. T.l. B + L
24 2.15 9 Hunstanton, Norf.
4 '■*
S.v. C + M
t"
^1.54 1.67
.1.54
CHALK OF THIS ZONE 
REMOVES BY EROSION 
IN THIS AREA
'1.48
2.05
1.77
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES BELEMNITELLA MUCRONATA ZONE
Fig:- A / 1
f A
10
1.2 1.5 2.0
~ l 1--------1---------1— “ T-------1-------- 1---------1------
2.5 SD(Mg/m3)
10-
■>— i— i— i— i— i— i— i— i— j—  
0 10
f A
io-
“i— i— i— r
20 3 0 Sat. m/c (% )
- i— i— i— i— i— i— i— i— |— I— i— i— i— i— l— i— i— r
10
I r 
20
T— i— |— i— r
30 LL  %
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF BELEMNITELLA MUCRONATA
A / 2
CHALK OF THIS ZONE 
REMOVED BY EROSION 
IN THIS AREA /
1.47
1.86
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES ACTINOCAMAX QUADRATUS ZONE
Fig:- A /3
io-
2.0
t
IQ -
20 3 0
Sat. m/c
10-
jxd nI
10
-1—  
20 30 LL. (% )
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF ACTINOCAMAX QUADRATUS
Fig:- A /4
2.24
l.7e
1.55
CHALK OF THIS ZONE 
REMOVED BY EROSION
IN THIS AREA
1.62
1.65
1.36®
1.69
2.04
2.00
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES MARSUPITES TESTUDINARIUS ZONE
Fig:- A /5
f10
1.2
f
10-
0 
f I
10-
1.5 2.0 2.5 tf0 (Mg/nrr)
t m m
10 20 3 0 4 0Sat. m/c %
u i u
10 zo 30 L L (% )
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF MARSUPITES TESTUDINARIUS
Fig:- A /S
2.23
O 1.87
• 1.62
1.48
7>\
1.461.59
1.56 1.6]
'Vj. 34" 1.43
1.570
1.73
1.65
1.63
1.81
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES MICRASTER CORANGUINUM ZONE
Fig:- A /7
f10-
4=1 — I— i— i—“i— j—   — :-----£5*“-
2 5  KD(Mg/m3)1.2
f
20
10-
.0-
0
f i
1.5
 j 1---1---r
2.0
4=n C U 4 = P -R-
10
10 20 3 0 Sat. m/c (%)
“i
10
T -1
20
~j— i— i— i— r
3 0
L.L.
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF MICRASTER CORANGUINUM
Fig:- A /8
1.62
01.43
1.35
1.67
1.81
1.84
2.11
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES MICRASTER CORTESTUDINARIUM ZONE
Fig:- A /9
20 -
10-
4=4 “I *---1---1---1---r- —
1.2 1.5 2.0 2 5  ^n(Mg/m3 )
10-
Ox Mill.■|—f—-f—i- | | | ■ - j -- ■j - ■■ | | I 1t | j 1 J i . I 1 j * *■'
10 20 30
Sat. m/c (% )
4 0
10-
~T
10 20
r*
30 L.L. (%)
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF MICRASTER CORTESTUDINARIUM
Fig:- A/IO
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY 
VALUES HOLASTER PLANUS ZONE
Fig :- A / l l
f Jl
10-
0 —1 1 1--1--1--r
1.2 1.5 2.0
10-
o
f
r
10 20
10-
2 5 8 .(M g/m 3)
30  Sat. m/c (% )
10 £0 30
L.L. (% )
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF HOLASTER PLANUS
Fig:- A/12
2.23
1.47
r  1.56 
©t^
1.50
1.74 1.66
1.81
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES TEREBRATULINA LATA ZONE
Fig:- A /13
10 -
0 ---- 1-- r
1.2 1.5
n
2.0
aT ~ — |------- — - t — I----- 1-------1------ 1------J
2,5 Kn{Mg/m3)
f
10-
0 
0
n
a n nn“ I 1 1 r 
10 20 30
Sat. m/c (%)
!0-
0
T -
10
0-0 0 4 p^ffn—
20 30 L.L.
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF TEREBRATULINA LATA
Fig:- A/14
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES RHYNCHONELLA CUVIERI ZONE
Fig:- A / 15
10-
1.2 1.5 2.0 2.5 &D(Mg/m3 )
10-
Q - U 4 ■ '~i 
20
- = U
10 30  Sat. m/c (% )
10-
nr
10
n
20 30 L.L. (% )
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF RHYNCHONELLA CUVIERI
Fig:- A/16
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES HOLASTER SUBGLOBOSUS ZONE
F ig :- A /17
f  A
10-
o -j— «--1-- 1--r
1.2
10-
1.5 2.0
U
2.5 I  D(Mg/m3)
10 20 3 0 Sat. m/c (%
10-
a tun
to
r • • 
20 30 L.L.
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF HOLASTER SUBGLOBOSUS
Fig:- A /18
SAMPLE LOCATIONS AND AVERAGE DRY DENSITY
VALUES SCHLOENBACHIA VAR IANS ZONE
Fig:- A/19
f A
10-
1.2
10-
4
10-
0-
1.5 2.0 6 D(Mg/m3)
a
10 20
l 1 1 r
3 0
Sat. m/c (%)
10
0
20 3 0
n , 11 n -  q 4
4 0  5 0 6 0 LL (%)
HISTOGRAMS OF DRY DENSITY, SATURATED MOISTURE
CONTENT AND LIQUID LIMIT FOR CHALK SAMPLED
FROM THE ZONE OF SCHLOENBACHIA VARIANS
Fig:- A / 20
APPENDIX B
Detailed results of undrained shear strength tests.
38mm 0 Multistage Undrained Triaxial Compression Test Results.
L.L.
(%)
!"
P.L.
(%)
m/c
(%)
Undrained
2
shear strength CkN /m )
SAMPLE NO. CT3= 5 OkN/m2 c^lOOk^/m2: ff3=200lcN/m2
1C 48 2,2 21.1 165 190 215
(SundQn) 26.2 47 54 64
30.8 15 22 24
34.8 11 U 4 20
2C 30 22 19.9 298 352 470
(Sunday) 20.0 291 317 414
24.5 71 92 131
25.0 66 82 110
27.2 17 20 23
27.2 11 15 23
28.4 12 14 21
3C 26 20 18.4 335 373 483
(Coulsdon) 22.1 153 203 285
23.0 60 93 133
25.0 8 14 28
5C 25 19 17.9 348 410 543
(Saltdean) 19,1 192 245 313
- 19.6 202 266 343:
21.1 29 46 61
21.4 17 24 59
23.2 <10 - —
7C 29 21 19.5 363 428 543
(Uetchworth) 23.6 41 57 71
24.0 35 42 51
24.6 23 26 34
41C 30 21 16.7 365 305 538
(Oxted); 19.1 315 340 .48p
20.4 125 175 215
22.2 34 43 63
24.9 9 10 13
_ ___ _____
0u
degrees
14
6
3.5
3
31
27
16.5
21
3.5
4
3
30
28.5
19
6.5
34
26.5
28.5 
11 
13
32.5
9.5
5.5 
4
31
31
22
9
1.5
38mm 0 Multistage Undrained Triaxial Compression Test Results,
SAMPLE NO.
Moisture
Content
m
Initial 
YD ~
( M g / i i T  )
Saturation
a )
'
JL
*3*
s sin Q  al -a3 %  /( al+c3 ) f]
=50kN/m2 3g~100kN/m2 a3~20 0kN/a^
1C 21.1 1.74 102.8 50.1 40.9 31.2
(Sundon) 26.2 1.56 96.8 28.8 20.5 14.0
30.8 1.44 94.4 13.0 10.2 6.2
34.8 1.35 94.1 10,4 7.1 5.1
2C 19.9 1.71 93.3 58.9 51.1 44.5
(Sundon) 20.0 1.73 95.8 58.6 49.5 42.4
24.5 1.58 92.9 35.8 28.6 23.3
25.0 1.58 95,3 34.6 26.9 20.8
27.2 1.54 98,1 10.0 7.5 5.9
27,2 1,52 94,5 14.4 9,4 5.9
28.4 1.48 93.5 11*2 7.1 5.5
3C 18.4 1.79 97.2 60.5 52.0 45.0
(Coulsdon) 22,1 1.63 91.0 48.9 42.0 36.0
1 • 23.0 1.60 90.0 33.1 28.7 23.5
25.0 1.55 91.5 7.5 7.1 7.1
5C 17.9 1.83 102.1 61.0 53.5 46.9
( Saltdean) 19.1 1.73 92.0 52.5 45.2 37.6
19.6 1.75 97.3 53.3 46.6 39.1
21.1 1.67 92.7 21,5 18.2 13.5
21.4 1.65 91.0 14.4 11.2 13.1
23.2 1.62 93.4 <5.2 *•
7C 19.5 1.77 99.8 61.5 54.1 46.9
(Betchtoortlii! 23,6 1.60 93.3 26.8 21.2 15.1
24.0 1.59 93.1 24.3 16.6 10.5
24.6 1.59 94.7 18.1 11.7 8.2
41C 16.7 1.80 90.5 61,6 52.9 46.8
(Oxted) 19.1 1.75 95.2 59.7 50.6 44.9
20.4 1.66 88.0 45.6 39.5 31.2
22.2 1.61 88,0 23.7 17.5 13.9
24.9 1*53 88,3 8.8 5.2 3.5
v  U I i v i i  g  JLJU J L O A J . a J L  - v > u i u j L J j . C 2 & ; $ . I . i m  JLS3SU KCSUJLtS
SAMPLE NO.
L.L.
(%)
P.L,
m
m/c
(%)
9Undrained shear strength (kN/m )
0u
degree03-50 kN/m^ 03-lOOkN/m^ o3 *=200kN/m2
Dartford-Swanley 32 25 19.7 259 338 437 31
No. 1. 21.7 114 208 - (39)
23.5 147 202 250 23.5
24.4 84 109 - (19)
30.5 14 19 26 6
Dartford-Swanley 30 24 18.2 308 368 475 32
No. 4. 19.8 203 268 388 29
23.8 105 155 220 25
26.0 130 165 v 208 19
27.7 40 63 93 15
28.7 22 37 53 10
Dartford-Swanley 27 23 19.7 287 365 479 34
No. 6 . 21.8 186 256 298 25
22.9 205 248 - (38)
23.6 119 -- -  ■
24.3 166 217 271 24
24.8 123 150 190 16
24.7 27 31 39 ■ • 5-
26.7 12 15 22 5 v.
Dartford-Swanley 28 22 19.7 242 304 469 28
No. 8 . 21.9 119 169 185 18.5
23.6 163 168 173 5
24.2 142 169 212 20
26.2 17 23 35 6
27.1 9 15 19
Dartford-Swanley 28 24 19.9 226 285 416 33
No. 9. 20.6 194 263 377 33.5
*V''T 23.2 180 233 301 26.5
23.5 225 276 340 26
25.8 50 73 90 12
27.3 29 35 56 8.5
38mm 0 Multistage Undrained Triaxial Compression Test Results.
SAMPLE NO.
Moisture
content
(%)
Initial
rD3 
(Mg/m )
Saturation
(%)
0 = sin*"* ^£7l*’cr3^f (^1+ 03)^
03=50 kN :/nr ■ 73=100.k^i^ a3=200;Wf?
Dartford- 19.7 1,73 94.7 56.9 50.5 43.3
Swanely No.I 21.7 1.63 89.5 44.0 42.4
23.5 1.59 90.5 48.3 41.9 33.7
24.4 1.57 91.6 38.8 31.4 -
30.5 ( 1.59 ) (118.7) 12.8 9.1 6.6
Dartford- 18.2 1.71 85.5 59.3 51.8 44.7
Swanley No. 4 19.8 1.71 92.5 53.3 46.7 41.3
23.8 1.55 87.0 42.6 37.4 31.6
26.0 1.52 90.2 46.2 38.5 30.6
27.7 1.54 99.4 26.4 22.6 18.4
28.7 1.47 93.2 17.5 15.5 12.0
Dartford - 19.7 1.75 98.6 58.4 51.7 44.9
Swanley No.6 21.8 1.64 90.9 52.0 45.9 36.8
22.9 1.66 99.2 53.5 45.5 - ;
23.6 1.59 90.8 44.7 -
24.3 1.59 94.3 50.2 43.2 35.1
24.7 1.59 95.5 20.6 13.5 9.4
24.8 1.60 97.2 45.3 36.9 29.2
26.7 1.54 96.4 10.8 7.5 5.9
Dartford- 19.7 1.70 90.3 55.9 48.8 44.5
Swanley No, 8 21.9 1.59 84.5 44.7 38.9 28.7
23.6 1.61 23.6 49.9 38.8 27.6
24.2 1.57 91.3 47.7 38.9 31.0
26.2 1.51 90.3 14.4 10.8 8.6
27.1 1.47 87*1 8.4 7.3 5.0
Dartford- 19.9 1.68 88.0 55.0 48.0 42.5
Swanley No. 9 20.6 1.62 83.8 52.7 46.4 40.8
23.2 1.59 89.1 51.5 44.4 36.9
23.5 1.59 90.8 55.0 47.8 42.5
25.8 1.57 96.5 29.8 25.0 18.0
27.3 1.53 97.0 21.3 15.0 12.6
5 0 0 -
Undrained
Shear
strength
(kN/m2)
4 0 0 -
3 0 0 -
200 -
!0 0-
 1----
3 5
Moisture Content (% )
3 020 2 5
SUNDON QUARRY SAMPLE No. 1C
Cell Pressure Key Liquid Limit = 4 8 %  (4 p t cone)
x  2 0 0  kN/m2 • Plastic Limit = 2 2 %
0  100 kN/m2 CaCOj Content = 6 0 .8 %
+ 5 0  kN/m2
Fig: - 8 / 1
9u/cf
Q(j/j
u .
C  ° S > h  u j  " 3 0 y°Oo L"n>t s y° 
3 nte„, 5 X
Undrained
Shear
Strength
(kN/m 2)
5 0 0 -
4 0 0 -
3 0 0 -
200
100-
2520 3 0
Moisture Content (% )
COULSDON QUARRY SAMPLE No. 3C
Cell Pressure Key Liquid Limit = 2 6 %  (4  pt Cone)
x  2 0 0  kN /m 2 Plastic Limit = 2 0 %
© 1 0 0  kN /m 2 CaCo3 Content = 9 8 .5 %
+ 5 0  kN/m 2
Fig:-* B/3
6 0 0 -
Undrained
Shear
Strength
(kN/m 2)
5 0 0 -
4 0 0
3 0 0 -
200-
100-
----------------1------------C3S- -
3 0
Moisture Content (% )
20 25
SALTDEAN CLIFF SAMPLE No. 5C
Cell Pressure Key Liquid Limit = 2 5 %  ( 4 pt Cone)
x  2 0 0  kN /m 2 Plastic Limit = 1 9 %
o 1 0 0  kN /m 2 CaCo3 Content = 9 7 .4  %
+  5 0  kN /m 2
Fig:~ B/4
6 0 0 “
Undrained 
Shear 
Strength 
’ (kN/m2)
5 0 0 -
4 0 0 -
3 0 0 -
200-
100-
- U  N.
2 5 3 0
Moisture Content (% )
20
BETCHWORTH QUARRY SAMPLE No.7C
Cell Pressure Key Liquid Limit = 2 9 %  (4pt cone)
x 2 0 0  kN /m 2 Plastic Limit = 2 1 %
o 100 kN /m 2 CaC03 Content = 8 9 .3 %
+ 5 0  KN/m2
Fig:- B /5
5 0 0 -
4 0 0 -
3 0 0  -
200-
100-
16 20 2 5 3 0
Moisture Content (% )
SAMPLE No. 4IC OXTED QUARRY
Cell Pressure Key Liquid Limit = 3 0 %
x  2 0 0  kN /m 2 Plastic Limit = 2 1 %
o 100 kN/m2
+  5 0  kN /m 2 ,
Fig:- B /6
5 0 0 -
Undrained
Shear
Strength
(kN/m2)
4 0 0 -
3 0 0 -
200-
100-
20 2 5 3 0
Moisture Content (% )
DARTFORD-SWANLEY LINK SAMPLE No. I
Cell Pressure Key 
2 0 0  kN /m 2 
1 0 0  kN /m 2 
5 0  kN/m 2
Liquid Lim it = 2 7 %  ( 4 pt cone)
= 32  %  (4 p t Casagrade)
Plastic Limit = 2 5 %
CaC03 Content = 9 6 .7 %
Fig:- B /7
5 0 0 -
Undrained
Shear
Strength
(kN /m 2)
4 0 0 -
3 0 0  -
200-
100-
2 5 3 0
Moisture Content (% )
20
DARTFORD -  SWANLEY LINK SAMPLE No. 4
Cell Pressure Key 
*  2 0 0  kN /m 2 
o 100 kN /m 2 
+  5 0  kN /m 2
Liquid Limit = 3 0 %  (4pt Cone)
2 8 %  (4pt Casagrande) 
Plastic Limit = 2 4 %
CaC03 Content = 9 6 .3 %
Fig:- B /8
5 0 0 -
Undrained
Shear
Strength
(kN /m 2)
4 0 0 -
3 0 0 -
200-
100-
20 2 5 3 0
Moisture Content (% )
DARTFORD-SWANLEY SAMPLE No. 6 :
Cell Pressure Key Liquid Limit = 2 7 %  (4 p t Cone)
x  2 0 0  kN/m 2 = 2 9 %  (4p t Casagrande)
o  100  kN/m2 Plastic Limit = 2 3 %
+ 5 0  kN /m 2 CaC03 Content = 9 7 .8 %
Fig:**B/9
5 0 0 -
Undrained
Shear
Strength
(kN/m2 )
4 0 0
3 0 0 -
200-
100-
2 0  25  3 0
Moisture Content (% )
DARTFORD -  SWANLEY SAMPLE No. 8
Cell Pressure Key Liquid Limit = 2 6 %  (4p t Cone)
x 2 0 0  kN/m2 = 2 8 %  (4pt Casagnande)
o 100  kN/m 2 Plastic Limit = 2 2 %
+ 50  kN /m 2 CaC03 Content = 9 8 .5 %
Fig:-B/IO
5 0 0 -
Undrained
Shear
Strength
(kN /m 2 )
4 0 0 -
3 0 0 -
200
100-
25 3 0
Moisture Content (% )
20
DARTFORD-SWANLEY LINK SAMPLE No. 9
Cell Pressure Key 
x 2 0 0  kN /m 2 
© I 0 0  kN/m2 
+• 5 0  kN/m 2
Liquid Limit = 2 7 %  (4pt Cone)
= 2 8 %  (4pt Casagrande)
Plastic Limit = 2 4 %
CaC03 Content = 9 7 .7 %
Fig:- B / i l
APPENDIX C
Detailed results of-Rowe Cell collapse tests
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Vertical Pressure (CT,)
kN/m 2
© T e s t  I 
• + T e s t  2 
X Test 3 
O Test 4  
0  Test 5
10-
Cumulative
Height
Change
TEST 1 TEST 2 TEST 3 TEST 4 TEST 5
AV. M/C AT START OF TEST ( % ) 2 1 . 0 2 4 . 4 9. 2 2 7 .9 17.2
AV. M/C AT END OF TEST ( % ) - - - - -
FLOODED AT ( k N / m 2 ) 2 0 0 2 0 0 2 0 0 2 0 0 2 0 0
%  COLLAPSE 6 .7 6 . 0 8 .3 2 . 4 L I
IN IT IAL BULK DENSITY (M g/m 3 ) 1.07 l . l l 0 . 9 4 1.17 1.65
INITIAL DENSITY (M g /m 3 ) 0 .8 8 0 . 8 9 0 . 8 6 0 . 9 2 1.41
DRY DENSITY BEFORE COLLAPSE 0 . 9 6 0 . 9 8 0 . 9 3 1 .0 2 1 .44
%AIR VOIDS AT TEST START 4 8 . 7 4 5 . 2 6 0 .2 4 0 . 6 2 3 . 5
%  VOIDS BEFORE FLOODING 4 4 .5 4 0 . 0 5 6 .9 34.1 21.8
10- 2 0  mm CHALK -  DARTFORD -  SWANLEY LINK 
ROWE CELL COLLAPSE TESTS ' * 1 -5
Fig:- C /2
Vertical Pressure (CTV)
0 100 200 (k N /m 2)
© Test 6  — :------------
4- Test 7 -----------------
k Test 8  ----------------
10 ~ o  Test 9 -----------------
CD Test 1 0 -----------------
Cumulative 
Height Change
(AH/h o) %
TEST 6 TEST 7 TEST 8 TEST 9 T E S T  10
AV. M/C START OF TEST % 17.2 15.7 12.8 17.5 2 0 . 2
AV. M/C AT END OF TEST % — 2 6 . 9 2 5 .3 2 6 .6 26.1
FLOODED AT ( k N / m 2 ) 2 0 0 2 0 0 2 0 0 2 0 0 2 0 0
%  COLLAPSE 13.6 1 4 .0 15.7 12.3 9 . 3
IN IT IAL  BULK DENSITY (Mg/m3) 1.20 1.36 1.36 1.46 1.58
IN IT IA L  DRY DENSITY (M g /m 3 ) 1.03 1.18 1.21 1.24 1.32
DRY DENSITY BEFORE COLLAPSE 1.10 1.27 1.25 1.27 1.34
%  AIR VOIDS AT TEST START 4 4 . 4 3 7 .7 39 .7 3 2 .4 2 4 .7
AIR VOIDS BEFORE FLOODING 4 0 . 4 33 .1 3 7 .7 3 0 .5 2 3 .2
N o.6 -  ^3 1 0 - 20m m , &  5 -  10mm, !/3 <  5mm
No. 7  -  10 -  6mm DOWN
ALL SAMPLES “  DARTFORD SWANLEY LINK
ROWE CELL COLLAPSE TESTS ^ 6 - 1 0
Fig:- C / 5u
Vertical Pressure (0 'v)
(kN /m 2)
5 -
10-
Cumuiative
Height
Change
(A%o)%
High initial compression due to 
porous disc bending into "dish" 
on top of sample
Corrected 
V -  Test II
 © Test II
 »- Test 12
—  — x Test 13
 O Test 14
- - —  CD Test 15
TEST II TEST  12 TEST 13 TEST 14 TEST 15
AV. M /C  AT > START OF TEST ( % ) 19 .8 18.1 21 .5 2 1 .3 21 . 3
AV. M /C  AT END OF TEST ( % ) 2 3 . 9 2 6 . 0 2 5 .6 2 3 .5 2 3 . 0
FLOODED AT (k N /m 2) 2 0 0 2 0 0 2 0 0 2 0 0 2 0 0
%  CO LLAPSE 1 .5 * 8 .7 12.1 7 .5 4 . 4
INITIAL BULK DENSITY (Mg/m3 ) 1.68 1.56 1.52 1 .65 1 .83
INITIAL DRY DENSITY (Mg/m3 ) 1 .4 0 1.32 1.25 1.36 1.51
DENSITY BEFORE COLLAPSE 1.43 1.35 1.30 1.38 1.53
%  AIR VOIDS AT TEST START 2 0 . 5 2 7 . 3 2 6 . 8 2 0 . 8 11.9
%  AIR VOIDS BEFORE FLOODING 1 9 .0 2 5 .3 2 4 . 0 19.5 II. 0
» SAMPLE NOT COMPLETELY FLOODED ?
0 - 6 mm CHALK -  DARTFO RD-SW ANLEY LINK
ROWE CELL COLLAPSE TESTS 11-15
Fig:- C /4
5“
10-
100
_
200
i
Vertical Pressure (CJV)
kN /m 2
-Q
Top disc jammed 
up to 150 kN/m2 
test 16
© Test 16 
+  Test 17 
X Test 18 
0  Test 19 
P  Test 20
0
Cumulative Height 
Change (AtyHo)%
TEST 16 TEST 17 TEST 18 TEST 19 TEST 2 0
AV. M/C AT START OF TEST ( % ) 1 9 . 4 2 2 . 0 18.5 18.7 18. 6
AV. M/C AT END OF TEST ( % ) (17 .7 ) ( 2 0 . 0 ) 2 2 . 0 2 3 . 2 2 2 . 5
FLOODED AT (kN /m 2 ) 2 0 0 2 0 0 100 3 0 0 3 0 0
%  COLLAPSE 0 . 4 0 . 0 9.1 8 . 6 3.1
INITIAL BULK DENSITY (Mg/m3) 2 .0 5 2 . 0 2 1.66 1 .57 177
INITIAL DRY DENSITY (M g/m 3 ) 1.72 1.66 1.40 1.32 1. 4 9
DRY DENSITY BEFORE COLLAPSE 1.74 1.70 1 .43 1.45 1.52
%  AIR VOIDS AT TEST START 3 . 0 2 . 0 2 2 . 4 2 6 . 4 16.9
%  AIR VOIDS BEFORE FLOODING 1.6 0 . 0 2 0 . 6 19 .3 15.3
0 - 6  mm CHALK -  DARTFORD -  SWANLEY 
LINK
ROWE CELL COLLAPSE TESTS *  16- 20
Fig:- C/5
Vertical Pressure (CTV)
kN/m2
o 100 200
©  Test 21 — -----
+  Test 2 2 --------
x  Test 2 3 -------
7 O  Test 2 4 -------
□  Test 2 5 --------
i r
Cumulative Height 
Change
T E S T  21 T E S T  2 2 T E S T  2 3 T E S T  2 4 T E S T  2 5
AV. M / C  A T  S T A R T  O F  T E S T  ( % ) 15.1 1 5 . 4 5.2 5 . 2 5.9
AV. M / C  A T  E N D  O F  T E S T  ( % ) 2 2 . 2 2 2 . 0 - ' - -
F L O O D E D  A T  ( k N / m 2 ) 3 0 0 3 0 0 2 0 0 3 0 0 3 0 0
%  C O L L A P S E 2 . 4 0 . 7 0 . 0 0 . 0 0. 1
INITIAL B U L K  D E N S I T Y  ( M g / m 3 ) 1.79 1.83 1.5 4 1.72 2 . 4 3
I N I T I A L  D R Y  D E N S I T Y  ( M g / m 3 ) 1.55 1.59 1 . 4 6 1.63 2 . 2 9
D R Y  D E N S I T Y  B E F O R E  C O L L A P S E 1.57 1.61 1.50 1.72 2 . 3 6
%  AIR V O I D S  A T  T E S T  S T R E E T 19.1 16.5 37.7 3 0 . 5 1.7
%  AIR V O I D S  B E F O R E  F L O O D I N G 16.2 15.5 32.8 22.5 -  1.4
TESTS 21, 22 0 - 6 m m  CHALK DARTFORD - SWANLEY LINK
TESTS 23-25 20 mm DOWN CHALK. CHALK ROCK-SOIL- FERTILITY,
MERE.
ROWE CELL COLLAPSE TESTS * 2 .1 - 2 5
Fig:- C /6
APPENDIX D
Detailed results of triaxial ko consolidation tests.
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TRIAXIAL Ko CONSOLIDATION TEST I
Chalk rock 5%  m/c = 1.77 Mg/m 
Va = 26%  Ground by Tema mill, "Std."compaction
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TRIAXIAL Ko CONSOLIDATION TEST 2
Chalk rock 5%  m/c ^D= 2.07 Mg/m3 
Va = 12% 20 mm down. "Std1 compaction
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Vertical Stress, O,1 (k N /m 2 )
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TRIAXIAL Ko CONSOLIDATION TEST 3
Sample 4 c -1 6 -6 %  m/e ~ 1-31 Mg/m3
Va = 3 0 % -Chalk fines -  Hand compaction
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TRIAXIAL Ko CONSOLIDATION TEST 4  
Sample 4c -  12.2% m/c -  tfD= 1.34 M g/m 3
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APPENDIX E
Detailed results of repeated compaction tests
Sat. m/c = 2 7 %
Liquid Limit = 2 6 %
Moisture 
Content (%)x  M/c□ TOP o BTH
100 3 0
m/c
CBR f  
(%)
5 0 - -20
Suitability
10%
Limit ' -~-o
7 No. of432 5 6
Compactions
5 0 - — ■O 2f0 results 
— O  Air voids results
Void
Ratio
- 1.70
1.6 0
1.50
1.40
 1-
No. of 
Compactions
SAMPLE 3c
(M. ct. -  Coulsdon , Sy)
Sat. m/c = 2 7 %
Liquid limit - 2 6 %
Moisture 
Content 
' (%)
C B R  EJ T O P  ©  B T M  X  M / C
100-
20
(%)
5 0 -
-  10
Suitability 
Limit 10%
No. ct 
Compactions
 O  JfDresults
 O  Air voids results
5 0 -
Air
Voids
(%)
160
2 5 -
150
1 4 0
N o . o f  
Compactions
SAMPLE 3c
Fig:- E / 2
(H. pi. -  Mere , Wilts)
Sat. m/c = 7 %
Liquid Limit = 2 0 %
i Moisture
I  Content (% )x M/c□  T O P ©  B T M
100-
CBR
Sat. rn/c 
4 %
5 0 -
Suitability — 
10%
Limit 0 __. | ■   *1 "1
7 No. of Compactions
- O  results 
— ©  Air voids results
5 0 -
(Mg/m )
Void
Ratio
(%)
1.70
-tzr'
. 6 0
1.50
1 . 4 0
No. of 
Compactions
SAMPLE 51c
Fig:- E /3
(T. lata -  Mere, Wilts ) Sat. m/c = 2 0 %
LL = 2 7 %
G  B T M  X  M / C□  T O P
100- -20 
I Sat. 
i Moisture 
I Content' 
I (%)
- x  -
CBR -x-
5 0 -
Suitability 
Limit 10%
" i . i ■
No. o f 
Compactions
 O  y 0 results
°  Air voids results
5 0 -
Void
Ratio
—0
1.60
2 5 -
1.50
1 . 4 010-
No. of
Compactions
SAMPLE 55c
Fig:- E /4
(H. sub. -  Mere, Wilts ) Sat. m/c = 17%
L.L . = 3 1 %
X  M / CO  B T M□  T O P
-  20 
Moisture 
Content
feat. ^  
i m/c
100-
CBR
(%)
  -x-  ~ - xX—*x—
5 0  ~
Suitability 
Limit 10%
No. of 
Compactions
— — O  results 
 O  Air voids results
-O©-
Void
Ratio
(%)
. 7 0
1.60
2 5 -
1.40
No. of2 3 4 5 6 7
Compactions
SAMPLE 56c
